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Abstract
Abstract
The scattering of photons at angles the order of 10° and less is dominated by the coherent 
process. Coherent scatter carries information about materials structure on the atomic or 
molecular scale and hence allows differentiation between low-Z materials which are of 
interest in biomedical applications in particular, differentiation between different types of 
cancer. Position-sensitive methods based on energy-dispersive X-ray diffraction (EDXRD) 
can be used to reconstruct images, in which each pixel carries spectral information. However, 
previously proposed imaging methods have the disadvantage of being time consuming. The 
aim of this work is to reduce the acquisition time by optimizing and testing different system 
geometries with the final aim is to build a system for functioning in an operating theatre 
environment.
After a review on users of X-ray diffraction for tissue analysis, the experimental part of this 
work is divided into three parts. In the first one, the characteristics of an EDXRD system 
based on a single point detector (CdTe) and on different scatter and primary collimators 
geometry are discussed, using different types of samples with different thicknesses. Work 
also included the investigation of the effect of different scatter angles (4.5°, 6°, 7°, 8.1° and 
9.6°) on the diffraction patterns. Results showed that up to the thicknesses investigated the 
variation in peak width was undetectable and that the effect of different angles on both peak 
position and peak width showed a negligible variation. These results are promising because 
they suggest the possibility of summing diffraction patterns at different angles to reduce 
acquisition time.
In the second part, the characteristics of an EDXRD system based on a pixellated 
spectroscopic detector and two types of multi-angle scatter collimators (square holes of 1mm 
side and rectangular holes of dimensions (0.5mm x 1mm)) are discussed. Both collimators 
present angles (2°, 4°, 6°, 8°, 10°). Results showed that it was possible to sum diffraction 
patterns collected simultaneously at different angles for reducing the acquisition time per 
sample. Although finer collimation allows better momentum transfer resolution, this is not a 
stringent requirement when analysing biological tissue, featuring intrinsically broader peaks. 
On the other hand, broader collimation allows significantly better statistics.
Ill
Abstract
In the final chapter, a feasibility study of diffraction spectroscopic CT is presented. The 
system comprises a pixellated detector and fan shaped collimator matching the beam 
divergence. Different scatter images acquired by tilting the detector off-plane. Finally, the 
potential of combining the two approaches (simultaneous acquisition of multiple angles and 
one-shot profile) is discussed. It can be expected that the combination of the two concepts 
could reduce the acquisition time to ~15min/sample. This would make diffraction CT an 
appealing instrument to be used for fast tissue characterization in operating theatres and 
pathology laboratories.
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Chapter 1 
Introduction and literature review
1.1 Introduction
X-ray imaging started soon after the discovery of X-rays by Roentgen (Jerrold et ah, 
2002). Although the basic principles of this field remained unchanged for several 
decades, a great development happened during this period in the basic components of 
the most common imaging systems. X-rays have been used for a wide range of 
applications due to their ability to penetrate through objects and cause different 
darkening on photographic films when developed. X-rays haven’t only been used as a 
diagnostic tool for some diseases in soft tissues but also used for radiotherapy. 
Conventional X-ray imaging is based on the differences in absorption between 
different tissue types or materials. In general, the formation of an image in all medical 
imaging techniques requires X-ray photons that penetrate through the body to 
experience some kind of interaction (absorption, scattering).
X-ray seatter is present in all conventional imaging techniques. Initially, it was 
considered to carry little useful information and the reason for reduction of image 
contrast and blurring. The process of X-ray scatter due to the atomic electrons at 
photon energies used in the diagnostic radiology range results from Rayleigh (elastic, 
coherent) and Compton (inelastic, incoherent) interactions.
In Compton scattering, the photon interacts with an electron transferring to it part of 
its energy and momentum. Although Compton scattering contributes about of 90% of 
the total scattering of X-rays its variation with angle is very small when compared 
with coherent scattering. It can be used to obtain information related to the density of 
internal structures.
In coherent or Rayleigh scattering, on the other hand, the incident photons cause 
atomic electrons to oscillate and these electrons reemit, in phase, waves of the same 
wavelength as the incident wave. The waves from different electrons interfere 
constructively at certain angles depending on the distribution of the electrons (LeClair 
et al., 2006). In classical terms, coherent scattering is described as the diffraction of an
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electromagnetic wave by the electric field associated with the eleetron charge 
distribution surrounding the atomic constituents and if the neighbouring atoms are 
rigidly fixed to one another, the phase relationships of the seattered waves become 
constant (Harding at ah, 1987). It is typically considered of minor importanee due to 
its very low intensity. In coherent interaction no ionization occurs and in the small 
angular range (2° -10°) coherent scattering becomes the dominant interaction process. 
By the end of the eighteenth century Haga and Wind performed their well known 
single slit experiment that based on coherent X-ray scatter (Harding and Schreiber, 
1999). From it, they obtained a diffraction pattern, which allowed them to measure the 
wavelength of the X-rays used.
At the beginning of nineteenth century Laue made use of coherently scattered X-rays 
to observe the interference patterns resulting from the transmission of X-rays through 
a single crystal. Coherently scattered X-ray photons interfere with each other 
constructively when the conditions of Bragg’s law are met:
n l  = 2dsin(8/2) (1.1)
where X  is the wavelength of the incident radiation, d the spacing between the 
scattering planes, 0 is the angle through which photons are scattered and n is an 
integer number known as the order of diffraction.
In other words, the resulting intensity distribution is determined by the wavelength of 
the incident beam, the incident photons angle and the atomic arrangement of the 
scattering material. Around the same period the dependence of the coherent scatter on 
the atomic arrangement of the scattering material was discovered and was exploited to 
investigate and analyze material structure. Bragg’s law does not only apply to 
crystalline materials, which give rise to sharp peaks, but also to amorphous materials 
(for instance, biological tissue); in this case, d is not constant, but has a distribution 
around an average value. This leads to broader peaks centred around an average value 
that is characteristic of the material. The peak width is representative of the degree of 
order of the material. A series of diffraction peaks are seen as the wavelength of the 
radiation is changed. The combination of the diffraetion peaks position and intensity 
provides a unique characteristic profiles for the material called diffraction patterns.
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It is clear from equation 1.1 that the presence of a diffraction peak, resulting from 
eoherent interferenee, depends upon a combination of X  and 0.
Diffraction patterns are a funetion of momentum transfer defined as follows:
1
Conventional diffraetometry requires thin and homogeneous samples. The restrietions 
on sample thickness are related to the low energy of the sourees (IQ-radiation of 
copper of energy at 8 keV) that were initially available. The homogeneity eondition 
for the sample arises from the ineapability of eonventional systems to deeouple 
information coming from different regions of the sample.
When non-homogeneous samples, such as biological tissue, are to be analysed, 
positional information can be obtained by using pencil beams and by seanning the 
sample in an appropriate geometry. In partieular. Computed Tomography (CT) 
provides a eross-sectional distribution map of diffraetion patterns and can be aehieved 
by performing a rotational-translational sean of the sample between beam and 
detector. However, seanning approaches are time-eonsuming and are not viable for 
fast analysis of non-homogeneous material.
This work will address the development of techniques for decreasing the aequisition 
time of diffraetion CT by eombining diffraetion patterns obtained at different seatter 
angles and by using a pixellated spectroseopie deteetor allowing retrieval of 
information from multiple positions inside the sample. The final goal is to use 
diffraction CT for analysis of soft tissue. A fast diffraetion CT system could be used 
in operating theatre or in a pathology laboratory for fast assessment of tissue without 
the delays required by tissue fixation for conventional methods.
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1.2 X-ray diffraction techniques
X-ray diffraction is typically used for studying the structure of crystalline substanees 
showing the presenee of sharp peaks eharacteristic of each material. The teehnique 
can also be used for weakly ordered structures sueh as amorphous substanees or 
biologieal tissue that give rise to diffraetion spectra featuring one or more broad 
peaks.
X-ray diffraction was initially discovered by passing a monochromatie X-ray beam 
through a crystal and measuring the angles at whieh construetive interference oceurs 
and diffracted X-rays are detected. This initial setup still greatly used and is known as 
angular-dispersive X-ray diffraetion technique (ADXRD). Alongside this approaeh, 
energy-dispersive X-ray diffraction (EDXRD) is also used. In EDXRD, a 
polychromatie X-ray source is used, the scatter angle is fixed by a eollimator and the 
diffraction pattern is measured using a speetroscopie detector. The two approaches are 
equivalent because they both allow the aequisition of a range of momentum transfer 
values by varying either or 8 in equation 1.2. Both techniques can be used for 
SAXS (small angle X-ray scattering) and WAXS (wide angle X-ray seattering) 
teehniques.
SAXS and WAXS work with the same physical principles. Both observe the eoherent 
scattering from a sample as a function of the eleetron distribution within it. WAXS 
looks at a 20 angle range of 0.5 -  180° and normally deals with a long-range ordering 
materials with spacings range of (1 -  10 A). WAXS is a teehnique that is related to 
the interatomic and molecular forces within the material, looking at momentum 
transfer values between 0.5 and 12 nm~  ^ (Ryan and Farquharson, 2007). SAXS was 
first observed in the late 1930s (Guinier and Foumet, 1955; Alexander, 1985; Balta- 
Calleja and Vonk, 1989). This technique investigates the scattering spectra at 
momentum transfer values of 0.25 nm '\ It is able to show the interferenee due to 
collagen struetures within the tissue, rather than the moleeular spaeing, as it allows 
the investigation of structures of the order of 10 to 1000 nm (Ryan and Farquharson, 
2007). SAXS patterns provide information about the internal structure of materials on 
relatively larger scales, typically in the size range of 1 -  10 nm (He, 2009). This 
means that the technique has advanced significantly to observe the structural changes
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of materials on a wide nanoseale level. SAXS has a diffraction angle range of 0° up to 
10° and normally can be used for samples with both isotropic and anisotropic 
structure.
Most of the diffraction measurements performed in the past was based on 
conventional X-ray diffractometers. It provides scattering information from a small 
voxel within an extended objeet based on a polyehromatic source for sample 
irradiation and an energy resolving deteetor for data acquisition. Conventional X-ray 
diffractometer is one of the irradiation faeilities that can be used with SAXS 
measurements to aehieve energy-dispersive X-ray diffraction work (Harding et al., 
1987; Kosanetzky et al., 1987; Harding et al., 1990; Evans et al., 1991; Kidane et al., 
1999; Speller, 1995; Round et al., 2005; Ryan and Farquharson, 2007; LeClair et al., 
2006; Desouky et al., 2001; Griffiths et al., 2007). Other irradiation facilities can be 
used with SAXS such as a synchrotron radiation (Grant et al., 1994; Lewis et al., 
1999; Lewis et al., 2000; Fernandez et al., 2002; Harris et al., 2003; Castro et al., 
2004; Geraki et al., 2004; Castro et al., 2005; Sabeena Sidhu et al., 2009). While the 
most common irradiation facilities used with WAXS were a synchrotron radiation 
(Kleuker et al., 1988; Peplow and Verghese, 1998) and a eonventional X-ray 
diffractometer (Poletti et al., 2002; Cunha et al., 2006; Oliveira at al., 2008; Tartari et 
al., 1997; Tartari et al., 1998; Johns and Wismayer, 2004 and Poletti et al., 2002).
1.3 Coherent scatter form factor for material evaluation
The coherent scatter form factor is a parameter referring to the interferenee that 
oceurs between the waves seattered by different eleetrons. It is considered as an 
essential tool for the evaluation of any X-ray diffraetion system. Leliveld et al (1996) 
presented Monte Carlo simulation results for the intensity and angular distribution of 
coherent and incoherent scattered radiation from water, Lucite and Nylon. They 
tabulated the moleeular form faetors for these materials using the diffraction 
measurements of Kosanetzky et al (1987). Their tables covered only a small range of 
momentum transfer values and were affeeted by the incident speetral shape. Tartari et 
al (1997) tabulated data sets of molecular form factors for fat and PMMA using the 
diffraetion patterns obtained by a eonventional diffraetometer in the momentum 
transfer interval (0 -  6.4 nm'^).
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Peplow and Verghese (1998) tabulated the moleeular eoherent scattering form factors 
for a series of animal tissues, plastics and human breast tissue samples. They 
published the diffraetion patterns for these materials using a monoehromatic 
synchrotron x-ray beam over an energy range 5 - 3 0  keV and the data presented 
hadn’t been eorreeted for eleetron binding effects as pointed out by Guy et al (1992). 
Their tables are evaluated at the same momentum transfer values used before by 
Hubbell and 0verbo (1979). Poletti et al (2002) group in 2002 extracted 
experimentally the moleeular form factors from the diffraction patterns of human 
breast tissues and eight breast equivalent materials using a Mo anode X-ray tube in 
the angular range of 1.3° -  72°. Their results showed that at low and medium 
scattering angles (1° -  25°) there is a notable difference between the diffraction 
profiles of breast tissues and those of breast equivalent materials; adipose tissue ean 
be simulated by most of eommercial breast equivalent materials while glandular tissue 
can be simulated by water. Johns and Wismayer (2004) developed a method based on 
two different powder diffraetometers for measuring the coherent seatter form faetors 
of amorphous materials (water, plastics and beef musele) and with this method their 
results were not aeeurate enough.
1.4 The need for new X-ray diffraction techniques
Mammography is a screening tool used to examine human breast for the deteetion of 
breast caneer as early as possible. Mammograms use low energy X-rays to ereate 
images that ean be analyzed by radiologists for any abnormal findings. X-rays that are 
used in conventional mammography are the primary ones that have not interaeted 
with matter. The energies used in mammography are lower than any other application 
(< 40 keV). Although conventional mammography is currently believed to be the 
most effective teehnique for the early deteetion of malignant tumours in the breast 
tissue, practical measurements showed that its sensitivity isn’t 100% whieh means its 
diagnoses are not accurate leading to undiagnosed diseases especially in the ease of 
examining dense tissues. This is mainly due to the small differences in the attenuation 
properties of breast tissues (Sabel and Aichinger, 1996; Kidane et al., 1999; 
Coneeiçâo et al., 2010; Tomal et al., 2010). The goal of the eurrent work is to design a 
CT system that would not replace mammography on patients, but allow fast analysis 
of excised tissue.
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1.4.1 Attempts for characterizing breast tissue 
using X-ray transmission imaging
Breast-equivalent materials are commonly used to evaluate a mammographie 
apparatus (resolution test; assessing uniformity of the X-ray field, screen and grid; 
measurement of dose and primary/seattering ratio) (NCRP-28, 1986). Since these 
materials eharaeterized by elemental eomposition and density similar to the real breast 
tissues, it could be expeeted that their X-ray absorption properties eould also be 
similar. The most eommonly used materials are plastie (nylon, polyethylene and 
perspex (PMMA)) which can be moulded and are stable over time (White, 1977). 
PMMA is one of the plastic materials used and reeommended for various 
accreditation programs of mammography (Poletti et al., 2002 and Hendriek, 1990).
Initial work before X-ray diffraetion measurements focused on measuring 
characteristies like information related to the primary, seeondary, total radiations and 
the relation between the primary fraction of the total radiation and the tube voltage 
(Burgess and Pate, 1981) or the behaviour of the coherently scattered photons with 
respeet to the primary beam, and its effeet on the image contrast (Johns and Yaffe, 
1983). The knowledge of attenuation properties of breast tissues is important in order 
to obtain good contrast between different tissues whieh in turn leads to a better image 
quality (Muntz et al., 1985; Danee et al., 1999).
Photon attenuation measurements have been investigated for materials of dosimetrie 
interest by several researehers (Bradley et al., 1986; Byng et al., 1998; Hubbell and 
Seltzer, 1995; Johns and Yaffe, 1987; Phelps et al., 1975; White et al., 1980). 
However, less extensive data are available for breast tissues, espeeially at 
mammographie energy range (Tomal et al., 2010).
Charaeterizing breast tissues in terms of their linear attenuation coeffieients was 
restricted to that of adipose and glandular breast tissues because, the caleulation of 
these coeffieients was only dependant on the elemental eomposition data that was 
limited in that time for these tissues (Hammerstein et al., 1979; Woodard; White, 
1986). Therefore no published data exists for benign and malignant breast tissues 
(Rao and Gregg, 1975; Carroll et al., 1994; Tomal et al., 2010). They presented 
experimental data for the linear attenuation coeffieients of normal breast tissues but
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without any details about its eomponents, using only four energy values (9.88, 17.44, 
18, 39.91 keV) of the common mammographie energy range (5 -  40 keV). Johns and 
Yaffe (1987) used a polyenergetic beam from 18 to 110 keV in order to charaeterize 
different breast tissues (adipose, glandular and infiltrating duct carcinoma) in terms of 
their linear attenuation coefficients. Their results showed significant differences in the 
attenuation eoefficients between adipose group and all other groups at all energies, 
and the glandular group and infiltrating duetal earcinoma group are only separated 
below 31 keV while at higher energies overlapping appears. Carroll et al. (1994) 
measured the linear attenuation eoeffieients of normal and earcinoma breast tissues 
using monochromatic beam within the energy range 14-18 keV from a synehrotron 
souree. They showed that they ean differentiate between normal (adipose and 
glandular) and eareinoma tissues on the basis of their linear attenuation coefficients 
but they can’t between glandular and carcinoma due to overlapping.
Al-Bahri and Spyrou (1996) determined the linear attenuation eoefficient for different 
types of breast tissues (adipose, glandular and carcinoma) using y-rays of energy 59.5 
keV. Their results showed that differentiation between different tissues taken from the 
same person is possible while when values from different individuals are eompared, at 
this energy, all groups are overlapped. Reeently, Baldazzi et al. (2008) used a 
polyenergetic X-ray source in the energy range 1 0 - 5 5  keV and presented an 
experimental values for the linear attenuation coefficients of some biological tissues 
ineluding malignant breast tissues. The data presented is still not enough for 
differentiating between tissues espeeially in the low energy range (8 -3 0  keV) whieh 
is important for mammography. Tomal et al. (2010) used a monoenergetic X-ray 
beams in the energy range of 8 -  30 keV to determine the linear attenuation 
eoeffieients of normal (adipose and glandular) and neoplastic (benign and malignant) 
breast tissues. Their results showed that although there is some degree of overlapping 
among glandular, benign and malignant tissues, some differenees in the linear 
attenuation coeffieients between glandular and malignant were found at energies 
below 28 keV.
This shows that although the large number of experiments performed, using different 
irradiation facilities and techniques, to characterize different human breast tissues on 
the basis of their attenuation properties, the data presented so far is not suffieient to
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provide a preeise breast tissue characterization due to the overlapping that took place 
between signals espeeially in the low energy range, therefore people are seeking other 
techniques.
1.5 limitations of single point X-ray diffraction 
(XRD) as a tissue characterization technique
The feasibility of breast tissue characterization using XRD was confirmed by several 
studies (Kidane et al., 1999; Evans et al., 1991; Royle and Speller, 1995; Farquharson 
and Speller, 1998; Poletti et al., 2002; Geraki et al., 2004; Changizi et al., 2005; 
LeClair et al., 2006; Ryan and Farquharson, 2007; Oliveira et al., 2008). Kidane et al 
(1999) used WAXS as a method of tissue eharaeterization on the basis of peak height 
and speetral shape. They observed a large differenee between adipose and other types 
of tissue while no differenees were observed between fibroadenoma, eareinoma and 
normal fibroglandular tissues. Evans et al (1991) introdueed small-angle (from 2° to 
12°) x-ray scattering measurements from different breast tissue samples and tissue 
substitute materials using an x-ray souree (Copper anode x-ray tube operated at 60 
kVp and 20 mA). Although the large differences in the peaks position between 
different tissues proved the sensitivity of the teehnique to ehanges in tissue types, 
their technique was unable to observe any differenees between carcinomas and 
fibroglandular tissues due to the poor momentum transfer resolution defeet. Royle and 
Speller (1995) used their energy-dispersive to determine the ratio of bone and marrow 
volumes in trabeeular bone. The tungsten anode X-ray tube operated at 70 kVp and 
3mA. Their system eharaeterized with a poor preeision due to the low number of 
detected seattered photons. Farquharson and Speller (1998) determined the mineral 
density of the trabeeular bone using their low angle X-ray seattering teehnique. The 
comparison between their experimental results and the caleulated results revealed the 
suitability of the technique to provide aeeurate and precise results for the bone 
mineral density.
Poletti et al (2002) measured the seattering signals from healthy (adipose and 
glandular), eancerous human breast tissue and tissue equivalent materials using 
WAXS. Their results have demonstrated that the experimental linear differential 
scattering coefficient ps is a good parameter for characterizing breast tissue showing 
that the momentum transfer region (0. 7 - 4 nm'^) is an important region for future
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mammographie X-ray systems. Changizi et al (2005) proved the ability of their 
energy-dispersive system to distinguish between different breast tissues (normal, 
benign and malignant) on the basis of the seattering profiles (peak position and 
height) obtained using a tungsten target X-ray tube operated at 10 mA and 60 kVp. 
LeClair et al (2006) extraeted the values of ps (the differential linear seattering 
coefficients) for water and different breast tissues using their custom built energy- 
dispersive x-ray diffractometer in the angular range (6° -  15°). A polyehromatic x-ray 
beam from a tungsten anode x-ray tube was used in this study. The system they used 
with the semi-analytical model presented a good approaeh to measure the diffraetion 
patterns of unknown scattering materials. Although the duration of eaeh measurement 
was 10 minutes, they eouldn’t obtain good results at low momentum transfer values 
due to the background noise at these regions. Ryan and Farquharson (2007) used two 
different radiation scatter interaetions to differentiate malignant from non-malignant 
breast tissue using a laboratory based X-ray souree.
The sensitivity of the XRD teehnique reflected its ability to differentiate between 
different tissues on the basis of the data obtained from analytieal models (Round et 
al., 2005; Cunha et al., 2006). The technique also proved to be able to determine the 
composition of kidney stones and to distinguish between the caleium oxalate stones 
and the other types of stones in vitro (Dawson et al., 1996). Their data demonstrated 
that eaeh type of stones has its coherent scatter signature different from other types. 
The applications extended to include the determination of the bone compositions by 
investigating the bone mineral density whieh is an important parameter in the 
determination of the osteoporosis states of the bone (Newton et al., 1992). They 
showed that their teehnique is able to provide a quantitative analysis for the 
distribution of bone composition across an axial slice whieh is important for the 
process of diagnosis and investigation of disease spread.
Round et al (2005) classified normal and diseased tissues with very high sensitivity 
using a statistieal model called Principal Component Analysis (PCA). Their work 
used a laboratory based SAXS system providing monochromatie X-ray beam. 
Biopsies were colleeted from tumour site and from points at increasing radial distanee 
from the tumour site. Cunha et al (2006) used WAXS system at an angular range of 5° 
to 150° to obtain the scattering profiles of normal and malignant tissue using an X-ray
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beam of energy 8.04 keV (kg radiation of Cu) generated from a Cu anode X-ray tube. 
Their results showed that the scattering profiles from normal tissues display a sharper 
peak at momentum value of x =1.1 nm'^ while these from malignant tissues showed a 
broad peak at x =1.7 nm'^ and the differences between different tissues are signifieant 
in the interval (0. 8 nm‘^  < x < 4.1 nm’^ ).
XRD teehnique also proved its ability to distinguish between different breast tissue 
samples on the basis of detecting the fibrillar strueture changes of collagen (Lewis et 
al., 1999 and 2000; Fernandez et al., 2002; Suhonen et al., 2005; Sidhu et al., 2009). 
Their work was based on detecting SAXS patterns from different breast tissues using 
a monoehromatie X-ray beam from a synchrotron radiation source. Lewis et al (1999) 
used a multi wire proportional eounter for reeording data and their results showed that 
the intensities in the collagen diffraetion peaks for malignant samples were less than 
those for normal tissues and these intensities inerease as the samples colleeted from 
far regions of the tumour site and they thought that the malignant tissue has less 
structural order whieh was the reason for lower scatter signal.
Fernandez et al (2002) eoneluded that ordered eollagen was found in distant regions 
from eaneerous areas and in benign tumours while poorly ordered collagen is found in 
regions invaded by cancer and around neerotie areas, the axial period of collagen is 
larger in eaneerous regions than in healthy areas and finally strong seattering from 
area invaded by cancer is due to the large inerease in the surfaee area of the scatterers. 
Suhonen et al (2005) simulated the structure of fibrillar collagen and by this 
simulation model they ealculated the corresponding small-angle diffraction patterns 
from collagen. Results showed that although the ealculated diffraetion patterns agree 
quite well with the experimental ones, some differenees appeared due to the 
experimental conditions and the model limitations. Sidhu et al (2009) showed that the 
two SAXS parameters (the integrated amorphous seatter and the third order eollagen 
axial d spacing) they used were capable of identifying the differences between tissue 
samples colleeted at 2cm intervals along two perpendicular axes up to 6em away from 
the primary site of the tumour. Their results showed, the tissue regions invaded by 
eancer had a high speeific surface area due to a disruption of moleeular and 
supramolecular structures oceurred within these eancerous regions. The applications 
of energy-dispersive X-ray diffraction techniques outside the biomedical field have
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been investigated by many authors (Malden et ah, 2000; Desouky et ah, 2002; Barnes 
et ah, 1998; Hall et ah, 2000).
The main limitation for the single point X-ray diffraetion technique when used for 
characterizing tissue samples of a few mm in thiekness lies in the superposition 
phenomenon that oceurs between signals from tissue components plaeed at different 
depths which in turn lead to a poor momentum transfer resolution defect especially at 
low momentum values due to the low number of deteeted seattered photons and the 
high background noise. This problem can be solved when X-ray diffraction computed 
tomography (XRDCT) used where in this ease a three dimensional map for the 
distribution of the scatter signatures can be obtained.
1.6 X-ray diffraction computed tomography (XRDCT)
Sinee the appearanee of Hounsfield’s first eomputerized tomography (CT) scanner 
(Hounsfield, 1973), it beeome possible to aequire eross-seetional images of objeets. 
Joseph and Spetal (1982) investigated the effeet of coherent seatter that appear in the 
transmitted beam on the resulting CT images. They measured the seatter distribution 
from water phantoms perpendieular to the plane of the CT fan. Their results appeared 
as interesting peaks and valleys (Johns and Yaffe, 1981). This property of the 
resulting scatter distribution display was explained on the basis of the interferenee 
occurred among neighbouring water moleeules (Morin and Berrior, 1983). These 
observations form the basis for the development of X-ray diffraetion computed 
tomography (XRDCT). The teehnique utilizes eoherently seattered photons through 
small angles in order to generate a 2-d map of the diffraetion properties of the 
material under study. This is achieved by scanning the material of interest in a slice 
with an X-ray beam using both translational and rotational motions and by acquiring a 
diffraction pattern at each step.
This teehnique uses the same principles as conventional computed tomography, but 
instead of calculating a distribution map of the linear attenuation coefficients it 
retrieves a distribution of the differential linear coherent seattering coeffieient which 
describes the probability of scatter per unit length of material per unit solid angle. 
XRDCT teehnique is particularly suited for biologieal applieations, where the non­
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uniform nature of the biologieal material benefits from the probability of mapping 
diffraetion patterns across the sample depth.
The most common two types of XRDCT are voxel seanning (Harding et al., 1987; 
Harding et al., 1990; Harding and Sehreiber, 1999; Kosanetzky et al., 1987; Cemik et 
al., 2008; Hansson et al., 2010) and CT reeonstruetion (Griffiths et al., 2007; Griffiths 
et al., 2008; Barroso et al., 2001; Castro et al., 2004; Castro et al., 2005; Pani et al., 
2007; Kleuker et al., 1998).
The theory of X-ray diffraetion eomputed tomography was first investigated by 
Harding et al (1987, 1990). They first eombined erystallography and eonventional 
imaging teehniques into a new powerful teehnique allowing mapping of the variations 
of the moleeular structure in extended inhomogeneous objects. They obtained 
diffraction CT properties using two different methods. In their 1987 work, they used 
tomographie reeonstruetion for both scatter and transmission images proving the 
validity of the teehnique to enhanee the difference in eontrast between different 
materials and differentiate between different tissue and plastic samples on the basis of 
their diffraction patterns. In their 1990 work, they proved the ability of an energy- 
dispersive X-ray diffraction computed tomography system to obtain X-ray diffraction 
data from small voxels within an extended object without the need to reeonstruct 
images from projeetions. Kosanetzky et al (1987) eombined between a eonventional 
X-ray diffraetometer and eomputerized tomography (CT) teehnique. The results 
obtained showed different diffraction spectra for different materials (tissues and 
plasties) investigated providing better tissue eharaeterization than in conventional 
transmission CT.
X-ray diffraetion CT system proved its performance to create more aeeurate tissue 
categorization based on aeeurate analysis of the composition of the sample and 
mapping the loeations of different tissue types within the samples (Griffiths et al., 
2007 and 2008) or even mapping the variations within the molecular structure of 
human breast tissue (Castro et al., 2004 and 2005). Griffiths et al (2007) combined 
two different modalities, transmission and diffraction CT, into a laboratory based 
energy-dispersive X-ray diffraction (EDXRD) system with the detector positioned at a 
fixed seattering angle to show that tissue identification is possible by this method. In
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2008, they aehieved similar results using a non-speetroscopie deteetor and 
monoehromatie synehrotron beams.
The possibility of differentiating between different tissue types was also proven by 
Pani et al (2007) using a eontrolled-drift detector at a fixed angle and energy-tuneable 
synchrotron beams. Castro et al (2004) investigated six different sites within the 
samples for acquiring diffraction spectra using a monoenergetic X-ray beam from a 
synehrotron radiation souree. Later in 2005, they fixed the deteetor at the position of 
the eharacteristic peak for fat showing that their teehnique is able to detect the early 
stages of tumour and its extension to the surrounding. Kleuker et al (1998) proved the 
validity of their X-ray diffraetion CT system to provide CT images from large fresh 
tissue samples with contrast based on wide-angle diffraction properties using the 
synehrotron radiation facility at x-ray energies of 60 and 80 keV.
1.7 Motivation for the current research work
The limitation for the widespread applieation of the most eommon X-ray diffraetion 
eomputed tomography (XRDCT) approaehes (voxel-by-voxel seanning technique and 
CT reeonstruetion based on a set of projections obtained by rotational and 
translational motion of the object) was the long aequisition times needed to obtain 
suffieient statisties. Although several studies have proven the capability of XRD for 
biological tissue analysis, its use for biopsy or fast tissue analysis has been prevented 
by the above limitation.
The aim of the eurrent research is to develop and eharaeterize a laboratory based 
energy-dispersive X-ray diffraction computed tomography system based on the 
energy dispersive approach at low angles (below 10°) and removing this limitation. 
This will be achieved using two different approaehes: firstly, summing energy- 
dispersive X-ray diffraetion patterns acquired at different angles, thus redueing the 
acquisition time by a factor approximately equal to the number of angles, and 
secondly, acquiring a CT profile at a certain angle in one shot (thus removing the time 
for linear scanning of the sample in front of the beam) through the use of a pixellated 
spectroseopie detector.
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Chapter 3 of this work addresses the extent to which this is achievable by applying 
simple eorreetions for ineident beam spectrum and attenuation within the sample on 
data acquired with a single-point deteetor.
Chapter 4 deseribes the same analysis performed on diffraction data simultaneously 
obtained at different angles by using a pixellated spectroscopic Cadmium Telluride 
detector.
Finally, chapter 5 presents a proof-of-prineiple study of single-shot aequisition of one 
diffraction CT profile on custom-designed test objeets. Future perspeetives of the 
work are discussed in ehapter 6.
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Chapter 2 
Theoretical background
2.1 Production of X-rays
X-rays are produeed when high speed eleetrons eollide with a metal target. An X-ray 
tube eontains:
(a) A souree of eleetrons ealled eathode (normally it is a tungsten filament whieh 
when heated emits eleetrons).
(b) A target material whieh is in contaet with the thick copper rod of the anode.
(e) A high aecelerating voltage, applied between eathode and anode, to accelerate 
emitted eleetrons from the filament toward the anode and aehieve high veloeities 
before striking the target (Khan, 2003). The tube voltage determines the energy of the 
bremsstrahlung radiation and affeets the quality of the output spectrum because when 
inereases, it inereases the produetion effieieney of the X-ray beam and also the 
amount of photons per unit time. Two faetors affect the quantity of the photons: tube 
current and exposure time. The tube current is equal to the number of electrons 
moving from the eathode to the anode per unit time. Exposure time refers to the 
duration of the X-ray produetion. Figure 2.1 shows a sehematic representation of a 
conventional X-ray tube.
High voltage copper Shielded glass wall cathode Tungsten filament 
anode
Focusing 
tube
Tungsten
tanget Bg
window
Takeoff Center of Takeoff
“ Sl® generated x-ray angle
Wire lead
Filament
Figure 2.1. Schematic diagram of a 
conventional x-ray tube (SII NanoTcchnoIosy 
Inc., 2010).
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An optimum target material must have a high atomie number, beealise the effieieney 
of X-ray production depends on the atomie number, and high melting point for 
withstanding intense heat produced due to eleetronie eollision. The atomie number 
also determines the properties of emissions, as diseussed below; henee, different 
anode materials are ehosen for different applications. /
2.2 Continuous spectrum
The continuous spectrum from an X-ray source (also ealled white radiation or 
Bremsstrahlung) results when electrons of sufficient kinetic energy rapidly deeelerate 
by eollision with the tube target. The deeeleration varies between eleetrons; some stop 
in one collision and deposit all their energy, while others do several collisions with 
the target atoms losing fractions of their energy between collisions until it all spent. 
Most of the kinetic energy of the colliding electrons is converted into heat and less 
than one pereent being transformed into X-rays. The probability of Bremsstrahlung 
emission per atom is proportional to 7 }  of the absorber.
2.3 Radiation from an electron cascade
When an ineoming X-ray or y-ray photon hits an orbital electron removing it from its 
shell, a vacaney is ereated in that shell. This vacaney will be filled by an electron from 
an outer shell whieh in turn leaves a vaeancy in that shell. Another electron from a 
more distant shell will fill the vacaney created. These repeated transitions are called 
an electron cascade. The energy released from a transition is represented by the 
difference in binding energy between the original and final shell of the eleetron.
These emissions are superimposed to the bremsstrahlung spectrum.
2.3.1 Characteristic X-rays
Characteristic (or fluorescent) X-rays are the radiation emitted from eleetron 
transitions between atomie shells. The energies of these emissions are characteristic of 
each atom, since the eleetron binding energies depend on the atomie number Z. 
Charaeteristic X-rays are named depending on the shell in which the vaeaney ereated: 
which means that the radiation resulting from a vacancy in the K-shell is called a K- 
characteristie X-ray, and the radiation resulting from a vacancy in the L-shell is called 
an L- eharacteristie ray. If an eleetron from one shell filled a vacaney in the adjacent
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shell the resulting radiation will be identified by a subscript alpha (e.g. transition from 
L to K is called Kawhile transition from M to L is called L»). If the vacancy is filled 
by an electron from a nonadjacent shell the resulting radiation will be identified by a 
subscript beta (e.g. transition from M to K is called Kp). In general the characteristic 
X-ray energy Ec can be calculated from:
Ec ~ Eb(vacant) " Eb(transition) (2.1)
Where, Eb(vacant) is the binding energy of the atomic shell containing the vacancy and
Eb(transition) is the binding energy of that originally containing the electron (Jerrold et
al., 2002). The phenomenon that describes the origin of characteristic lines can be 
explained according to figure 2.2
Kq X-ray
Ka X-ray
Auger"
electron Electron rejected 
from K-shell
Nucleus
Incoming X- 
ray photon
Figure 2.2. Diagram explains the production of characteristic 
radiation (CuIIity and Stock, 2001).
The characteristic line appears when the tube voltage is raised above a certain critical 
excitation value, which is the binding energy for the related shell and which is 
characteristic of the target material. Figure 2.3 shows the appearance of characteristic 
radiation at a certain energy which is characteristic of the target material. Any 
increase in voltage above the critical excitation value increases the intensity of the 
characteristic lines relative to the continuous spectrum but doesn’t change their 
position. The intensity of any characteristic line depends on both the tube current and 
the amount by which the applied voltage exceeds the critical excitation voltage
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(Cullity and Stock, 2001). For elements of Z < 10 (elements comprising most of the 
soft tissues) the K-shell eharacteristie X-rays are essentially zero (Jerrold et al., 2002).
Unfiltered
Characteristic 
L' Radiation
200' kv
160 kv
100 kvV 65kv
Excitation Voltage
50 100 150 200
Photon Energy (kev)
Figure 2.3. Spectral distribution of X-rays 
calculated for a thick tungsten target. Dotted curves 
are for no filtration and the solid curves are for a 
filtration of 1 mm aluminium (Khan, 2003).
2.3.2 Emission of an Auger electron
It is possible for an electron to transfer its energy to another orbital eleetron in the 
same shell causing it to be ejected as an Auger electron. The kinetic energy of the 
Auger electron is equal to the difference between the transition energy and the 
binding energy of the Auger electron. If the probability that the electron transition 
produces a characteristic X-ray is called co (fluorescent yield), then (1 - co) is the 
probability that the transition will result in an auger eleetron emission. Figure 2.2 
illustrates the emission of an auger electron. The process of an auger electron 
emission becomes more probable in the case of low Z elements and in the transitions 
of outer shell electrons of heavy elements.
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2.4 Interaction of photons with matter
In the diagnostic radiology energy range the interaction mechanisms of photons with 
matter are photoelectric effeet, Rayleigh (coherent) seattering and Compton 
(incoherent) scattering (Knoll, 2000). At diagnostic energies other than for 
mammography (above 40 keV), the probability of coherent scattering is much less 
than that for incoherent (Johns and Yaffe, 1983) as shown in figure 2.4.
H20
0 .0 3 3 4 x 1 0  molecules/cm
I 1-------------
I
I
II
ISOICO
Energy (keV)
C h a ra c te r is tic  
X -ray s
Auger
E lec tro n s
Atom
ë (photo  e lec tro n )
Figure 2.4. Interaction cross sections Figure 2.5. Illustration of
for water (Johns and Yaffe, 1983). photoelectric effect (khan, 2003).
the
2.4.1 Photoelectric effect
In photoelectric effect, electrons are emitted from matter (metals and non-metallic 
solids, liquids or gases) as a consequence of their absorption of energy from 
electromagnetic radiation. The process of ejection of a photo electron (one of the 
orbital electrons) from a matter is illustrated in figure 2.5. In this process the whole 
energy (hv) of the incident photon is transferred to the photoeleetron causing it to 
move with a kinetic energy given by:
Ee = hv -  Eb
Where, Ey is the binding energy of the photoeleetron in its original shell.
C2 2)
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After ejection of the photoeleetron from the atom, a vaeaney is created and the atom 
reaches an excited energy state. The vacaney is filled through capture of one of the 
electrons from outer shells; this leads to emission of characteristic X-rays 
(fluorescence radiation). There is a possibility of emission of Auger electrons. The 
photoelectric absorption probability dominates for low energy interacting photons and 
also enhanced for materials of high atomie number (Knoll, 2000).
2.4.2 Coherent X-ray scatter
The coherent scattering process, or Rayleigh seattering, neither excites nor ionizes the 
atom (Knoll, 2000). When the incoming photon beam passes near one of the orbital 
electrons, the electron oscillates reradiating the energy at the same frequency as the 
incident beam; the only effect is the scattering of the beam at small angles (See figure 
2.6). Coherent scattering is more likely in high atomic number materials and with 
incident photons of low energy (Khan, 2003).
In classical terms, coherent scatter is the deflection of an electromagnetic wave by the 
electric field associated with the eleetron charge distribution surrounding the nucleus. 
Interference may occur between waves scattered by neighbouring atoms. Sueh 
interference effects is confined to a cone of an angular range of a few degrees and 
commonly used in low-energy X-ray diffraetometry for material characterization to 
get information about the atomic and molecular structure (Harding et al., 1987). 
Another description considers eoherent scatter as some kind of generalization for 
Thomson scattering in which all the atomie electrons act as scattering centres and the 
result appears as a superposition of waves scattered from different centres (Batehelar 
and Cunningham, 2002). Although incoherent scatter normally contributes to 90% to 
the total scattering of X-rays, it shows very little angular variation compared with 
coherent scattering which shows a very strong dependence upon scatter angle and 
dominates the total scattered intensity at small scatter angles (below 10°) (Kosanetzky 
et al., 1987).
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Atom
Recoil
electron
Incident photon 
(energy = hv)
Scattered photon 
(energy = hv')
Figure 2.6. Diagram illustrating the 
process of coherent scattering. The 
scattered photon has the same 
wavelength as the incident photon. No 
energy transferred (Khan, 2003).
Figure 2.7. Diagram illustrating the 
Compton Effect (Knoll, 2000).
2.4.2.1 Rayleigh differential cross section
The differential coherent seattering cross section includes sub-molecular and 
intermolecular interference effects which give rise to a unique charaeteristic profile 
called diffraction pattern (Tartari et ah, 1998). The total differential cross section can 
be calculated by the molecular form factor for the coherent process and the seattering 
function for the incoherent process. The elastic scattering of the incoming beam of 
photons by a free charged particle (Thomson scattering) represents the low energy 
limit of Compton scattering where the following relation between the photon energy 
(hv) and the mass energy of the receiving particle (mc^) holds:
hv «  mc^
Where c is the speed of light and m is the particle mass. 
Thomson differential cross section is expressed as:
C2 3)
(2 4)
The first term of the formula describes the classical cross section of the free electron 
while the second one represents the polarization factor.
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Where r .
Anejn^c
re is the classical radius of the electron.
e is the electron charge.
gg is the permittivity of free space.
TMg is the eleetron mass.
The differential coherent scattering cross section per molecule per solid angle for 
elastic scattered radiation is generally written as the product of the differential 
Thomson cross section and a coherent form factor squared, taking into account 
interactions between atoms:
(2.5)
Where:
is the Rayleigh differential cross section
d n
d < j j  { 0 )  is the differential Thomson cross section. It is expressed as:
d o .
^ ^  = i ( l  + cos^0) (2.6)
2
Both the molecular form factor and the scattering function depend upon momentum 
transfer that is expressed as:
Z = ^ s in ( ^ )  (2.7)
h e  2
where E is the incident photon energy and h is Planck’s constant.
When the free-electron model no longer holds, the molecular coherent form factor 
F m i x )  accounts for interference between waves scattered by different electrons
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(Johns and Yaffe, 1982) reflects the strong angular dependence of the differential 
coherent scattering cross section. It is given as:
^ i(z )  = /;L (z )( l  + ^ a ) )  (2.8)
H{x) is the oscillatory structure function and is the Independent Atomic
Model (lAM) form factor.
If the atomic abundance for the scattering material is known, f j ^  (%) can be written 
as (Kidane et ah, 1999):
f L i x )  =  M Y X i ^ , I A , ) f i { X ) ]  (2.9)
i
Where:
Ai and wi are the atomic mass and the mass fraction of the ith element, (%) is the 
atomic form factor for element i.
At large momentum transfer values, the molecular form factor Fm(x) 
approaches the lAM form factor for amorphous materials and liquids; H(%)
shows a damped behaviour around zero and vanishes at large values of % (% > 4 - 5 
n m '\  (Tartari et ah, 2000). Usually the momentum transfer % range is between 0 and 
10^  ^nm"  ^ (Tartari et ah, 2000; Tartari et ah, 2002) and this range may be subdivided 
into two main intervals (Tartari et ah, 1998). The first interval ranges from 0 to 4 - 5 
nm '\ within which, the molecular effects appear easily in the scattered intensity, the 
second ranges from 4 - 5  to 10^  ^nm'^ in which the independent atomic model (I AM) 
is valid and each atom oscillates independently of the others, therefore, the sum rule 
can be applied (Tartari et ah, 2000). F^(%), in this case, can be written as (Bradley et 
ah, 1989):
=  (2-10)
Where:
ni is the number of atoms of element i in the molecule.
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2.4.2.2 Molecular form factor dependence on tissue composition
Tissues which are similar in their main composition may include traces of high Z 
elements whieh are in turn responsible for great differenees in coherent scattering 
intensity at very high values of momentum transfer. This ean be illustrated on the 
basis of the data shown in Figure 2.8. The curves clearly show the strong non-linear 
behaviour of eoherent seattering when traces of elements such as phosphor and 
potassium are present in sueh tissues with the exclusion of blood. This behaviour can 
be attributed to the fact that the probability of eoherently seattered radiation for low Z 
elements at high momentum transfer values is rare compared to that for high Z ones 
while at lower momentum transfer values, the form factor of low Z elements remains 
consistent and, even though the probability of eoherent seattering is high, the effect of 
appearanee of traces of high Z elements do not exceed the experimental error during 
calculating the experimental data. Therefore during the momentum transfer interval (0 
< X < 5), in whieh the effects of molecular interferenee show its main contribution, 
the appearance of traces of high Z elements ean be neglected (Tartari et al., 2002).
u_
Figure 2.8. Form factor of some water-like tissues
relative to those of w a ter . , blood; ,
muscle; ...., heart (Tartari et al., 2002).
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2.4.3 Compton scattering
In Compton scattering, the ineoming photon interacts with an atomie eleetron and 
transfers a portion of its energy to it. The photon is scattered at an angle 0 with respeet 
to its original direction while the eleetron (recoil eleetron) recoils at an angle O (See 
figure 2.7). Using the laws of conservation of energy and momentum the scattered 
photon energy (/zu') is:
h v '  = --------------   (2.11)
l + - ^ ( l - c o s 6 ' )
Where is the rest mass energy of the eleetron (511 keV) and h v i s  the energy of 
the ineident photon. The kinetic energy of the recoil electron E .  is given as:
E^.^hv-hv'  (2.12)
Two eases ean be noticed from this interaction:
(a) If 0 = 0. From equations (2.11) and (2.12) h u  =  h v ’ and E ^ _  =  0which means the
scattered photon has nearly the same energy as the incident one.
(b) If 0 = Tt. This means the ineident photon will be baekscattered toward its original 
direction while the eleetron will recoil along the direction of the incidence.
The probability of Compton seattering depends on the number of eleetrons available 
as seattering targets and therefore inereases with Z of the seattering material.
The differential cross section for Compton seatter from a free stationary eleetron by 
unpolarized X-rays is given by the Klein-Nishina formula:
'■ /n  , i.n  _____________  2 a  , * ^ ( 1 - C 0 s 6 ' ) ^
d € l
= —  [1 + k(l -  COS 0)] 1 + eos 6  +
l + /:(l-eo s^ ) C2 13)
Where:
k is the ratio of the photon energy to electron rest mass energy (511 keV).
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^ m ( z )  is the moleeular incoherent scattering factor which is given as (Tartari et al 
(1997)):
S , X z )  =  m Y I ( . ^ : / A , ) S , ( z ) ]  (2.14)
i
Where:
S ^  (%) is the incoherent scattering function (also called the lAM seattering function).
2.4.4 Differential linear coherent scattering coefficient
Unlike the crystalline situation, in amorphous materials the intensity of radiation from 
a centre of seattering has circular symmetry around the primary beam (Tartari et al., 
1998). For unpolarized incident photons with energy less than 100 keV, the 
differential cross section for a compound or a mixture ean be expressed in terms of a 
differential linear eoherent seattering coefficient given (whieh is the probability of a 
photon being seattered per unit length of beam path) by:
M  
Where:
Na is Avogadro’s constant, 
p is the material density.
M is the moleeular mass of the material.
— ) is the differential Thomson cross section given by equation (2.6).
d o .
—  ^ is the differential Compton cross section. The linear differential seatter 
eross-seetion has unit of m'^sr \
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2.5 Physical concepts related to X-ray attenuation
Attenuation refers to a reduction in the number of photons when a beam passes 
through a medium. Absorption and scattering are the processes by which attenuation 
happens. At low photon energies the photoelectric effect dominates the most 
attenuation processes in soft tissue while when photons of high energies interact with 
low atomic number materials, Compton scattering dominates. At very high energies 
pair production process contributes to attenuation (Heine et al., 2006).
2.5.1 Absorption cross-section
Absorption cross-section is the probability that an absorption process occurs due to a 
certain particle interaction mechanism. The number dN of photons absorbed, between 
the points x and x + dx along the path of a beam is the product of the number N of 
photons penetrating to depth x times the number n of absorbing molecules per unit 
volume times the absorption cross-section a:
dx
= -N n a C2T6)
The absorption cross-section is closely related to mass absorption coefficient ( j u  / p )  
as, for a given particle and its energy, the absorption cross-section of the target 
material can be determined from mass absorption coefficient using:
cr =  (— (2. 17) 
P
Where, is the atomic molar mass in g/mole, N ^  is Avogadro's number and is the 
number of molecules per mole and p  is the linear attenuation coefficient which is The 
fraction of photons removed from the original monoenergetic X-ray beam per unit 
thickness of material, p  decreases with increasing energy and it is related to the 
incident number of monoenergetic photons No on a slab of material of thickness x and 
the transmitted number of photons N as:
N = N o e ^  (2.18)
<j can be related to the absorption coefficient a  as:
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a
o- = -  (2.19)
Where TV is the atomic density in kg/cm^.
2.6 Point Detectors in conventional diffractometers
The most common counters used in conventional diffractometers are point detectors. 
A point detector is only capable to measure the diffraction intensity from a single 20 
position at a time, where at each 20 the data acquired represents a point on the 
diffraction pattern. An X-ray detector consists of two basic parts: the transducer 
which converts the income X-ray photons into electronic pulses and the counting 
electronics. Gas proportional counters (simply known as proportional counters), 
scintillation counters and semiconductor detectors, represent the most commonly 
point doctors used in a diffractometer for X-ray detection (He, 2009). This work will 
only focus on semiconductor detectors.
2.6.1 Semiconductor detectors
The most commonly used semiconductor detectors for conventional diffractometers 
are manufactured from silicon or germanium crystals doped with lithium, known as 
Si(Li) or Ge(Li) detectors, or from high-purity germanium crystals (HPGe). The 
performance of these detectors is like that a solid-state diode with a reverse bias. 
When X-ray photons hit the semiconductor crystal it generates a cloud of electron- 
hole pairs. Both the electron and hole move freely in opposite directions due to the 
effect of the bias. A field effect transistor amplifies the resulting current to produce an 
input signal before sending it to the main amplifier and then processed by the 
counting electronics. The charge collected from each incident X-ray photon is 
proportional to the energy of the photon.
For spectroscopy measurements, the multi-channel analyzer (MCA) is the final 
element of the chain. When it is used in pulse height analyzer (PHA) mode, the input 
pulses are sorted into bins (channels) according to their amplitudes where the outcome 
of the detector is a spectrum consists of pulse amplitudes corresponding to different 
energies lost during interaction of incoming radiation with the detector crystal. The 
MCA is equivalent to an array of single channel analyzers (SCAs) and counters. All 
(SCAs) have energy windows of the same width and are arranged in order of
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increasing energy. The energy window allows the analog signals produced from the 
incoming radiation within a specific energy range to be counted, effectively producing 
an energy spectrum of the radiation detected.
Solid-state detectors have much higher energy resolution comparing with proportional 
counters. The main disadvantage of semiconductor detectors is that they require to be 
operated at a very low temperature, typically at the liquid nitrogen temperature of 
77°K, the low temperature is important to decrease the detection noise and avoid the 
migration of the doping elements such as Li in Si(Li) detector.
2.6.1.1 Semiconductor materials other than Si(Li) or Ge/Ge(Li) crystals
Since the photoelectric absorption is the most probable interaction for photon with the 
detector medium, it is preferred that the detector is composed from elements with high 
atomic numbers. Therefore, attention has been focused on other semiconductor 
materials called compound semiconductors that contain one element of higher atomic 
number than Si or Ge. These materials are characterized by higher X-ray and y-ray 
photoelectric absorption than Si and Ge, higher detection efficiency per unit thickness 
and wider band gap (this reduces the bulk-generated leakage current) so that it is 
possible to be used at room temperature. This is different from Si and Ge detectors 
that must be operated at low temperatures to reduce thermally generated leakage 
current. The most widely used compound semiconductors are: CdTe, CdZnTe and 
Hgl2.
2.6.1.1.1. Cadmium telluride (CdTe) detectors
CdTe contains elements of relatively high atomic numbers (Z = 48 for Cd and Z = 52 
for Te) with a large band gap energy (1.52 eV) which allows room temperature 
operation. The probability of photoelectric absorption per unit path length is 4 times 
higher in CdTe than in Ge and 100 times higher than in Si for different photon 
energies. CdTe detectors are more efficient for low energy y-rays while to obtain 
reasonable detection efficiency for high energy y-rays, larger volumes are required. 
To operate the detectors in high y-ray fluxes no external voltages should be applied 
where in this case the charge carriers created by y-ray interactions will be collected 
through the internal field formed by the contact potential of the junction, as the case in
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solar cell. Some CdTe detectors suffer from a polarization phenomenon that leads to a 
time dependent decrease in the counting rate and charge collection efficiency. This 
phenomenon is due to the capture of the electrons by deep acceptors within the 
material. Commercially range in size from 1 mm to 1 cm in diameter while the 
thicknesses are of the order of a few millimetres and it can be operated at 
temperatures up to 30 °C without excessive noise (He, 2009).
2.7 Effect of detector size on the output response
2.7.1 Small size detectors
Because the mean free path of the secondary photons (Compton scattered photons and 
annihilation photons formed at the end of the track of positrons created in pair 
production) is large (of the order of several centimetres) compared with the detector 
size (don’t exceed 1 or 2 cm) only single interaction take place. If the energy of the 
incident photons is below the value necessary for producing the pair production, the 
energy registered, in this case, is the kinetic energy deposited of photoelectrons and 
Compton scattered electrons. If the incident photons energy is high enough to produce 
electron-hole pairs, the registered energy will be the kinetic energy deposited of 
electron and positron plus the previously mentioned energies. In all cases the 
secondary photons will escape from the detector without further interaction.
2.7.2 Large size detectors
The detector size, in this case, is assumed to be large such that all the resulting 
secondary photons will interact with the detector active medium and none escape 
from the surface. The interaction of the incident photon will occur in more than stage. 
If the outcome of the initial interaction is a Compton scatter event (primary scattered 
photons), the scattered photons will interact again at other location within the detector 
and this second interaction may also be a Compton scatter event (secondary scattered 
photons) and finally the process terminates with the production of photoelectron and 
photoelectric absorption is registered. The energy registered by detector will be the 
sum of the energies deposited due to each individual photoelectron. If the interaction 
involves pair production event, the resulting annihilation photons interact through 
Compton scattering and photoelectric absorption is registered at the end of the 
scattering process. Again, the energy registered by the detector is the sum of kinetic
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energies deposited of the electron and positron plus the previously mentioned 
energies.
2.8 Detector response to different absorption mechanisms
The pulses produced by a detector occur randomly and a pulse may occur while the 
electronics chain is processing a previous one. This leads to rejection of such pulses in 
the form dead-time losses. In other words, more photons are absorbed in the detector 
material than are recorded by the electronics chain. When a photon of energy E 
interacts with the detector medium all or part of its energy is absorbed. To determine 
the detector response five types of interactions must be considered.
2.8.1 Total energy absorption
The photon energy can be absorbed in either of the following ways:
(a) The photon may interact by photoelectric effect producing a photoelectron which 
is completely stopped in the crystal plus either a fluorescent photon which is absorbed 
or an Auger electron which is also absorbed.
(b) The photon may be Compton scattered in the detector and then absorbed. In both 
cases the detector pulse is proportional to the incident photon energy and no distortion 
results. This type of interaction is indicated by the absorption peak A in figure 2.9.
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Figure 2.9. The spectrum of the
monochromatic 140 keV y-ray of ^^ '"Tc. A is 
the full energy peak (Yaffe et al., 1976).
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2.8.2 Fluorescent escape
The photoelectron is absorbed but it is possible that the fluorescent photon 
(fluorescence radiation resulting from the de-excitation process to fill the vacancy 
created in the k-shell) produced to escape from the detector crystal usually backwards 
through the entrance window leaving an energy E -  (E)k in the detector. (E)k is the 
fluorescent photon energy. This type of interaction is indicated by the escape peak B 
in figure 2.9.
2.8.3 Collimator scatter and backscatter
The photon may be absorbed after being scattered inelastically by any material 
surrounding the detector. In this case the energy deposited in the detector depends on 
the scatter angle where this energy will vary from E for scatter angle 0° to Ey (back 
scattered photon energy) given as:
(2.20)
2.8.4 Escape of Compton scattered photons
Photons may be Compton scattered in the detector crystal and escape leaving 
behind only the energy o f the recoil electrons. Again, the energy deposited in 
the crystal by the recoil electrons is dependent upon the angle by which photon 
is scattered and is represented by E^ (Compton edge) in figure 2.9.
Ec = E -E b  (2.21)
2.8.5 Multiple scatter
It is possible that the photon is scattered more than once before escaping, 
depositing energy in the form o f two or more recoil electrons. The energy 
deposited will lie between and Ey.
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2.9 Detector energy resolution
The energy resolution of the detector is its ability to resolve X-ray photons of 
different energies. It can be defined in different ways. One of the definitions refers to 
the size of the energy window AE in eV units. The energy window can be expressed 
as the full width at half maximum (FWHM) of the detector response curve to a 
specific energy (see figure 2.10). The poor resolution curve describes a large amount 
of fluctuation in the detector for the same energy deposition. It is clear from figure
2.10 that the scintillation detector has the poorest energy resolution AE = 3 keV. 
among the three detectors while the proportional counter has better resolution AE = 1 
keV but it is not able to distinguish the characteristic line kp of copper. The Si(Li) 
detector has the best energy resolution AE = 200 eV. This resolution can discriminate 
the energy kp but can’t discriminate between the two ka lines.
The energy resolution of the detector can also be defined as the ratio of the energy 
window AE to the energy of the monochromatic X-ray beam E. i.e. AE/E. In general, 
the energy resolution of the detector is defined as the full width at half maximum 
(FWHM) divided by the peak centroid Ho (See figure 2.12). FWHM/Ho is a 
dimensionless fraction and usually it is expressed as percentage (Koll, 2000).
Scintillation
Proportional
o
Si(Li)
Cu-K,o
_ 1 _ _y
A
IV I
X-ray photon energy (keV)
Figure 2.10. Comparison between the energy resolutions 
of different detectors: scintillation, proportional and solid- 
state with the characteristic lines of copper (He, 2009).
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Figure 2.11. Examples of response 
functions for detectors with relatively 
good resolution and relatively poor 
resolution (Koll, 2000).
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H
Figure 2.12. Definition of detector 
resolution. For peaks whose shape is 
Gaussian with standard deviation o, the 
FWHM is given by 2.35o (Koll, 2000).
2.10 Position-sensitive semiconductor detectors
Position-sensitive semieonduetor detectors are detectors able to sense the interaction 
position of the incident radiation together with its energy. Pixel detectors and charge 
coupled devices are the most common position-sensitive semiconductor detectors 
used in the current work.
2.10.1 Pixel detectors
These are used to obtain two-dimensional position information from a single sided 
silicon detector by fabrication the top electrode of the detector as acheekboard pattern 
of individual small elements (pixels) that are eleetrieally isolated from each other. 
These detectors have active area of the order of a few square centimeters. In figure 
2.13, the pixel detector chip is connected to a separate readout chip using indium 
bump bonds. The readout chip is manufactured with exactly the same pitch as the 
detector pixels, therefore each bump provides an electrical connection between a 
single pixel and its readout eleetronies.
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Figure 2.13. A pixel detector consists of a separate 
detector and electronics chips connected through 
indium bump bond (Knoll, 2000).
2.10.2 Charge coupled devices (CCDs)
They have been used more widely for detection of high-energy minimum ionizing 
particles and X-rays. A schematic diagram that represents a simple CCD architecture 
is shown in figure 2.14. CCDs are normally manufactured from silicon structures 
produced by many microelectronics fabrication techniques. A simple CCD detector 
has square areas with dimensions of 1- 2 cm on a side and it is manufactured on a 
silicon wafer of a few hundred microns thick (Koll, 2000).
Drive
pulse
lines _LJ_±  
Readout section
in ft
Image
section
Output
^ Control 
 electrodes
Channel
stops
Figure 2.14. Layout of the surface of a CCD 
(Koll, 2000).
36
Theoretical Background Chapter 2
2.11 Factors affecting image quality
Image quality can be described in terms of different factors: contrast, spatial 
resolution, and noise.
2.11.1 Contrast
In general, contrast is expressed as:
c =  K 41 (2.22)
max(//2)
Where Ii and 1% are the general signals in two different adjacent regions of an image. 
Contrast is a measurement of how much a detail stands out from its background, and 
is a measurement of the detail visibility in the ideal ease where noise is absent.
2.11.2 Spatial resolution
An imaging system described as having a high spatial resolution if it can resolve the 
presence of small objects in a two dimensional image. In classical terms, the spatial 
resolution of an imaging system is a description of its ability to distinguish between 
two objects as they are small and close together. The spatial resolution of a detector 
can be determined by two parameters, the pixel size and the detector resolving power. 
The pixel size determines the space between two adjacent pixels and also the 
minimum angular steps in the diffraction data. Pixel size can be determined by the 
readout electronics or data acquisition software. In a two dimension X-ray diffraction 
system, the pixel is a single point information element that contains the collected X- 
ray diffracted intensity. The resolving power of the detector is defined as its ability to 
measure the angular separation of the objects in a diffraction frame.
2.11.3 Noise
A system may be classified as having high contrast and good resolution but still 
unable to resolve even large objects due to the presence of noise in the image. The 
concept of noise can be illustrated in figure 2.15.
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Figure 2.15. Loss of visuality resulting from noise 
(Jerrold et ai., 2002).
Different sources responsible for producing image noise, the most common of these 
are:
a) Noise due to fluctuations in the number of photons detected per unit area (quantum 
noise). This type of noise can be reduced by increasing the number of photons used to 
produce the image where this in turn will increase the dose to the patient. For an X- 
ray detector system consists of square pixels, if N is the average number of X-ray 
photons recorded in each pixel, then the noise per pixel is given as:
<t  =  4 N ox =  N  (2.23)
Where a  is called the standard deviation or the noise and cr is the variance. The noise
that is perceived in a region of an image is called the relative noise or the coefficient
of variation (COV) and is given as:
Relative noise = COV =cy/N (2.24)
The inverse of the relative noise is called signal-to-noise ratio (SNR) and is given as:
SNR = N/cj = V #  (2.25)
b) Noise resulting from the detector.
In an photon-counting detector, the noise is purely quantum noise.
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Chapter 3 
Evaluation of the effectiveness of different 
geometrical and acquisition parameters using a single-point detector
3.1 Introduction
The phenomenon of X-ray diffraction is more pronounced in highly ordered materials 
than less structured ones and is dependent upon inter-atomic distances, i.e., it is a 
characteristic signature of the material (Royle and Speller, 1995). The aim of this 
work is to identify to what extent the diffraction data obtained at different angles can 
be combined simultaneously without the need to do further corrections rather than 
those addressing incident spectral shape and beam attenuation. This will help 
minimizing the acquisition time necessary for obtaining sufficient scattering data in a 
diffraction CT system.
The work includes identification of the sample thickness beyond which data 
corrections become necessary. This can be performed by measuring the diffraction 
peak broadening with increasing sample thickness.
This chapter presents results obtained from homogeneous materials with a custom- 
designed EDXRD system and different types of collimation, and confirms the 
possibility of summing diffraction patterns obtained at different angles without a 
significant loss in momentum transfer resolution for samples with a comparable level 
of short-range order to that of biological tissue.
3.2 Materials and methods
A laboratory based x-ray diffraction imaging system based on energy dispersive 
measurements was designed and built for the present work. In this approach we used a 
conventional polychromatic x-ray beam incident on the targets and measured the 
diffraction patterns at a fixed scatter angle with a high performance x-ray and gamma 
ray Cadmium Telluride (CdTe) diode detector (Amptek, XR-lOOT-CdTe). Figure 3.1 
represents a schematic diagram of the experimental set up used.
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Conical Scatter 
Collimator (5.9°)
CdTe
Detector
Source
Collimator
Figure 3.1. Schematic diagram of the X-ray diffraction acquisition 
system.
3.2.1 X-ray source
The experimental work was performed using a high intensity tungsten anode Comet 
MXR 225/22 X-ray source with a high voltage power supply (Gulmay CP225, 
Shepperton). The nominal focal spot size of the X-ray tube is 1 mm. The tube 
maximum voltage and current are 110 kVp and 30 mA respectively. During 
measurements both tube voltage and current were constant at 70 kV and 30 mA.
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3.2.2 Collimation system
3.2.2.1 Primary collimator
The primary collimator consisted of a 1 mm hole diameter in a brass block 1 cm thick. 
It is placed before the sample to limit the divergence of the incident X-ray beam. The 
size of the scattering volume is determined by the collimator diameter and the scatter 
collimator angle, as shown in figure 3.2. In the present set-up, the sample must be 
entirely contained within the scattering volume because the aim of the final CT 
system is to collect line integrals of scattered radiation and then perform a CT 
reconstruction, as opposed to the voxel approach used by Harding et al. (1990) and by 
Cemik et al. (2008 and 2010). For this reason the selection of a suitable collimator 
aperture and position is an important part of the experiment.
Scatter
collimator
Sample
....— ........- ....-............h
.^... ...........-— ................n
Primary
collimator
« Source
Figure 3.2. Schematic drawing represents the centre of scatter volume 
as a shaded area resulting from the intersection between both scatter 
collimator and source axes.
3.2.2.2 Diffraction collimators
Two types of diffraction collimator were used in present study. The collimators were 
individually mounted on an optical bench that allows movement along the central axis 
and rotation of the scattering collimators.
(a) A 5.9 ° conical collimator consisting of a brass block of dimensions 28.62 mm x 
30 mm X 30 mm with a truncated conical core insert of dimensions 14.1 mm (small 
base diameter), 19.9 mm (large base diameter) (Figure 3.3a). The conical insert is
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located co-axially within the collimator body and a selection of different collimator 
gap sizes (90 pm, 180 pm and 1.6 mm) were selected for the study depending on 
wires of different diameters wrapped around the conical core insert. Due to the small 
size of the detector used (see Section 3.2.3), it was placed to one side of the 
collimator, to collect data from a small arc circle as opposed to the full ring allowed 
by the collimator.
A thin (1.3 mm) caffeine sample was scanned at different positions in front of the 
collimator in order to determine the centre of scattering volume of the target. The 
optimum position of the centre of the sample along the central axis was determined to 
be the one giving rise to the highest value of scattering signal intensity. For this 
collimator the optimum location of the sample was at 6.6 cm from the collimator face 
nearest to the sample. The angular resolution of this system was found to be 0.53° and 
1.45° for collimator gap sizes 90 pm and 1.6 mm respectively. It was calculated using 
the procedure presented by Pani et al. (2009) (see figure 3.4) and when converted into 
momentum transfer resolution it ranged from 0.12 nm'^ to 0.47 nm"  ^and 0.02 nm'^ to 
0.08 nm'^ for collimator gap sizes 1.6 mm and 90 pm respectively in the momentum 
transfer values range from 0.5 to 2 nm"\ This is due to the fact that the angular 
resolution is not a constant function of momentum transfer.
(b) A multi-angle collimator consisting of a brass block of thickness 12 mm 
containing three pairs of circular holes of diameter 1.5 mm, corresponding to three 
different angles 4.9°, 6.5° and 8.2° (Figure 3.3b) and also a central hole that is used for 
alignment. In this case, the detector was placed behind a single hole and acquisitions 
at different angles were carried out in sequence. The centre of the sample scattering 
volume, for each angular position, was determined using the same procedure 
described above for the case of the conical collimator. The current collimator was 
designed with different centres of scattering volume for each different angle for ease 
of manufacturing. In this case the centres were found to be at 5.8 cm, 10.4 cm and 14 
cm from the face of the scattering collimator nearest to the sample, corresponding to 
4.9°, 6.5° and 8.2° respectively. The angular resolution values of this system were 
0.78°, 0.74° and 0.69° for scatter angles 4.9°, 6.5° and 8.2° respectively. It was 
calculated using the procedure presented by Pani et al. (2009) (see figure 3.5). Due to 
the non-linear relationship between momentum transfer and scatter angle when the
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angular resolution is converted to momentum transfer resolution it is a non-constant 
function of momentum transfer in our case. It ranged from 0.08 nm"^  to 0.31 nm '\ 
0.06 nm'^ to 0.26 nm'^ and 0.05 nm'^ to 0.19 nm'^ for angles 4.9°, 6.5° and 8.2° 
respectively in the momentum transfer range from 0.5 nm'^ to 2 nm"\
. 28.62 mm
separation ^ ^
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Figure 3.3. Schematic drawing for the scattering collimators:
(a) conical collimator (b) Multi-angle collimator.
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Figure 3.4. Angular resolution for the conical scatter collimator. Data arc 
obtained from an analytical algorithm (Pani, 2012).
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Figure 3.5. Angular resolution for the multi-angle scatter collimator of 
circular holes of 1.5mm diameter. Data are obtained from an analytical 
algorithm (Pani, 2012).
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Figure 3.6. Schematic diagram of the X-ray diffraction set 
up (top view).
3.2.3 The CdTe detector
The scattered photons were detected using an X- and gamma ray Cadmium Telluride 
(CdTe) detector (Amptek, XR-lOOT-CdTe). The detector area and thickness were 3 
mm X 3 mm and 1 mm, respectively; its efficiency was greater than 80% in the energy 
range 3 keV - 80 keV with an energy resolution of 1.2 keV FWHM at 122 keV
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(Amptek Inc., 2010). The signal, after amplification by a PX2T-CdTe Power Supply 
with Analog Pulse Shaping amplifier, was analysed by an ADC-Multi Channel 
Analyser (MCA) system (Toivel D-spect). The MCA was controlled by spectroscopy 
analysis software (SpectLab) through a USB interface. The detector was shielded with 
a 3 mm thick Pb sleeve in order to reduce the background of scattered radiation from 
the surroundings. For both types of diffraction collimator used in the current study, 
the detector was put in contact with the collimator exit.
3.2.3.1 Calibration of CdTe detector
Energy calibration ans evaluation of energy resolution were performed using a 
Variable Energy X-ray source (VEX), consisting of a source hitting targets of
different materials and causing fluorescence in them. The output from the source are 
the characteristic lines of the material facing the source. Figure 3.7 shows the energy 
resolution of the detector as a function of energy. The data for peak position was 
converted from channel number to energy using the detector calibration curve shown 
in figure 3.8.
0.9 1 
0.8 -  
0.7  -  
> 0 .6 - 
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0.3 -  
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Peak position (keV)
Figure 3.7. Energy resolution curve for CdTe detector.
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Figure 3.8. The CdTe detector calibration curve. Horizontal 
error bars are not shown because they are too small for the 
scale of the plot.
3.2.4 System alignment
The intensity profile across the incident beam is not constant. Therefore the primary 
and scatter collimators had to be aligned with the axis of the beam, corresponding to 
the position, in the plane orthogonal to the beam direction, where the beam has 
maximum intensity. System alignment was performed using a high resolution 
(1300x1030 pixels) X-ray digital cooled FDI camera (Photonic Science) with 12-bit 
image digitization and high speed (lOMHz), communicating with the computer via a 
high speed PCI bus framegrabber, Picasso PCI-LS. The operational parameters used 
during the alignment process were 4 mA current and 70 kVp voltage.
For the multi-angle scatter collimator, a 1 mm hole diameter in the middle of the 
collimator was used for the alignment process which includes rotational and 
horizontal motions for the scatter collimator. Once the scattering profiles obtained 
from a certain pair of holes (representing the same angle on both sides of the central 
hole) were coincident this means that two holes are looking at the same angle (the 
same spectrum channel/energy corresponds to the same momentum transfer value) 
and the collimator is assumed to be aligned. An example is shown in figure 3.9.
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For the conical collimator the truncatcd-conc insert was replaced by another one of 1 
mm hole in the centre for alignment with the beam axis; once the scattering profiles 
obtained with the detector placed at two opposite positions behind the conical insert 
were coincident, the collimator was deemed to be aligned.
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Figure 3.9. The scattering spectra of caffeine 1.3mm at angle 6.5® on 
both sides of the central hole, (a) shows that the scatter collimator was 
not aligned because the spectra were not coincident while (b) shows the 
spectra were coincident which means the alignment process completed.
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3.2.5 Samples
The samples investigated are shown in table 3.1. All samples were placed at the centre 
of diffractometer for each angular position. A sample holder with thin walls (to 
minimize background radiation) was built for liquid samples such as water. Biological 
samples were hung in portion using a special holder. The plastic materials used were 
prepared in the form of parallel-sided blocks of different thicknesses with smooth 
surfaces.
Table 3.1. Material samples investigated for the present 
study.
Material Thickness (mm)
2 Caffeine 1.3,3,6
3 Nylon 1.9,4.2,9.8
4 Perspex 2 ,4 .9 ,9
4 Polycarbonate 2.1,5,9.5
4 Polyethylene 2.2,5.5,9
Water sample 1.8
Lamb fat 2.2
Lamb muscle 2
Lamb bone 2.2
Lamb bone marrow 3
3.2.6 Data corrections
The experimental raw data obtained were corrected as follows:
(a) The energy values corresponding to the diffraction pattern were converted to 
momentum transfer values using the following relationship (Peplow and Verghese, 
1998):
X = (E/hc) sin (0/2) (3.1)
Where E is the energy of the incident photons, h is the Planck constant, c is the speed 
of light and 0 is the scattering angle.
(b) The background due to the scattering of photons from the sample holder and the 
surrounding environment was subtracted from the experimental raw data.
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(c) The acquired spectra were normalised by the incident spectral shape as obtained 
from Cranley et al.(1997) and shown in figure 3.10. The sampling of the X-ray 
spectrum generated from Cranley et al.(1997) was interpolated to match the energy 
sampling of the spectra acquired experimentally and then the measured spectra were 
divided bin-by-bin by the incident spectrum.
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Figure 3.10. The X-ray spectrum for tungsten anode tube at 70 kVp. 
and 30 mA.
Figure 3.11 shows an example of data before and after correction. In figure 3.12, a 
comparison is shown between the scattering spectra obtained showing that both 
spectra look to a great extent similar in shape but the spectrum obtained in figure 3.12
(b) seems to be more resolved which appears the importance of data correction. From 
figure 3.12(b) it is clear that no change in the peak position (1.6 nm’ )^ obtained with 
respect to other investigations by LeClair et al. (2006) and Poletti et al. (2002). The 
similarities between these data and the quoted studies suggest that the blurring 
obtained in the scattering data at small angles was strictly due to different angular 
resolutions of the systems used.
49
Experimental Work Chapter 3
 corrected data
 uncorrected data
1.2
0.8
0.6
0.4
0.2
1.5
Momentum transfer (nm^)
0.5 2.5
Figure 3.11. The scattering spectra of nylon 4.2 mm at spacing 1.6 mm. The 
figure shows corrected and uncorrected data with respect to the incident 
spectrum.
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Figure 3.12. Effect of data correction on the scattering signature of water at scatter 
angle 8.2“. (a) shows uncorrected data while (b) shows corrected data compared with 
previous work.
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(d) The experimental data was corrected for the attenuation of X-rays through the 
sample depending on the attenuation data created by Nowotny (1998) (see figure 
3.14). According to figure 3.13, if a number of photons No is incident on a sample of 
thickness t and only a single scatter event occurs along the sample thickness (this 
assumption is possible in the case of thin samples) the number, Ndet, of photons 
scattered at an angle 0 from a layer at a depth L along the beam direction is given by:
(3 .2)
Where p is the linear attenuation coefficient of the sample material for the beam 
energy considered. Assuming that the angle 0 is small, then the approximation D = (t
-  L)/ COS0 = t -  L holds and the number of detected photons is hence:
Ndet =  N o e " ' (3 .3 )
Therefore, the data in each bin, corresponding to a beam energy E. were corrected by 
multiplying them by to obtain the non-attenuated data.
Detector
Incident beam
Figure 3.13. A schematic diagram used for 
illustrating the process of attenuation correction.
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Figure 3.14. Effect of attenuation correction on the experimental data 
obtained for Nylon 9.8 mm in case of collimator gap size 90pm.
3.3 Results and discussion
3.3.1 Conical collimator
3.3.1.1 Centre of diffractometer
The centre of diffractometer is the intersection point between the scatter collimator 
axis and the beam axis. Data were obtained by scanning a caffeine sample (1.3 mm 
thick) at different positions along the beam axis as shown in figure 3.15. The sample 
position that gave rise to the highest count rate referred to the centre of diffractometer. 
Figure 3.16 shows the integrated intensity for the centre of diffractometer at the two 
different angular acceptances.
The shift in the peak positions in figure 3.15(b) is small when compared with that in 
figure 3.15 (a). This difference is due to the wider angular acceptance that occurs in 
case of collimator gap size 1.6 mm; the scattering angle seen by the detector increases 
with decreasing the distance from the centre of diffractometer towards the source 
leading to a higher momentum transfer.
52
Experimental Work Chapter 3
0.001
0.0005
0
at 5.1 cm 
at 5.7 cm 
at 6.3 cm
 at 6.9 cm (centre of diffractometer)
at 7.5 cm 
at 8.1 cm 
at 8.7 cm
0.0045
0.0035
S ,  0.003
= 0.0025
-  0.0015
25
Energy (keV)
(b )
0.0018
0.0016
0.0014
3 0.0012
(0
ar 0.001
tn
r~ 0.0008
0»
c 0.0006
0.0004
0.0002
 at 5.7 cm
 at 6 cm
 at 6.6 cm (centre of diffractometer)
at 7.2 cm 
at 7.5 cm
10 15 20 25 30
Energy (keV)
35 40 45 50
Figure 3.15. Caffeine 1.3 mm at different positions in front of scatter 
collimator in case of: (a) collimator gap size 1.6 mm and (b) collimator 
gap size 90 pm.
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Figure 3.16. The centre of diffractometer at two angular acceptances. The 
data obtained at the angular acceptance corresponding to gap size 90 pm 
were rescaled to the maximum of gap size 1.6 mm for ease of viewing the 
plot.
3.3.1.2 Angular acceptance
This study was performed in order to investigate whether it was desirable to use a 90 
pm collimator gap size to keep a good momentum transfer resolution or a 1.6 mm 
collimator gap size which is important for obtaining higher statistics. The acquisition 
time was kept constant at 3 minutes for the three spacings. Figure 3.17 shows the 
scattering spectra typical obtained from a number of materials (Water, Perspex and 
Polycarbonate) typically showing one or more broad peaks (Klug and Alexander, 
1974). The spectra of Caffeine, Nylon and Polyethylene show sharper peaks 
indicating that they have a greater degree of short range order. The results obtained 
show that, whilst the amount of scatter from all investigated samples in case of 1.6 
mm collimator gap size is considerably higher especially in the low momentum 
transfer values region, the difference in peak width between the scattering data for 
both collimator gap sizes (90 pm and 1.6 mm) is not crucial.
The increase in the peak width between collimator gap sizes of 90 pm and 1.6 mm 
was found to be of the order of 0.060±0.015 nm'^ for caffeine 1.3 mm and 0.10±0.01 
nm'^ for polyethylene 5.5 mm, while the increase in peak width between the spectra of 
the less structured materials are less perceptible suggesting the possibility of using
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broad collimation without loss of information. In case of less structured materials the 
increase in peak width between both spacings (90 pm and 1.6 mm) was found to be 
negligible for both polycarbonate 7.9 mm and perspex 2 mm.
Figure 3.17 (d) shows that nylon has a characteristic of triple-peak diffraction pattern 
(two strong peaks at 0.78 and 1.18 nm'^ while the small one is at 1 nm'^) which is in 
agreement with Poletti et al. (2002). Other authors (Kosanetzky et ah, 1987; Harding 
et al., 1990) only detected a double-peak diffraction pattern (this is considered as an 
encouraging result). The peak position of nylon at 1.18 nm'^ is in agreement with that 
observed by Kosanetzky et al. (1987) and Poletti et al. (2002).
Similarly, the peak position of polyethylene (Figure 3.17 (e)) at 1.19 nm'^ is in 
agreement with that observed by Kosanetzky et al. (1987) and Poletti et al. (2002). 
The perspex (Figure 3.17 (b)) peak position at 0.77 nm'^ is in good agreement with 
that represented by Poletti et al., (2002), Kosanetzky et al., (1987), Tartari et al., 
(1998) and Bradley et al., (1989).
These results show that the collimator gap size of 1.6 mm gives better statistics in 
shorter time without any significant loss in the resolution particularly for less 
structured materials when compared to that of gap size 90 pm which provides much 
lower count rate as shown by the higher noise in those data (in the average, of the 
order of 330000 counts for collimator gap size of 1.6 mm and 81000 counts for the 
gap size of 90 pm). This means that other factors have a predominant effect on the 
scattering data with respect to the collimator gap size: for instance, the detector 
energy resolution and the geometry of the front collimator.
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Figure 3.17. The scatter spectrum of different materials at three angular acceptances, (a) 
Caffeine 1.3 mm thick, (b) Perspex 2 mm thick, (c) Polycarbonate 7.9 mm thick, (d) Nylon
1.9 mm thick, (e) Polyethylene 5.5 mm thick, (f) Water 1.8 mm thick. These results show 
that the difference in peak width between the scattering data for both collimator gap sizes 
(90 pm and 1.6 mm) is not crucial. This suggests the collimator gap size of 1.6 mm for 
future use due to better statistics that can be acquired in shorter time without any 
significant loss in the resolution particularly for less structured materials.
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3.3.1.2.1 Diffraction patterns of biological samples 
at different angular acceptances
The data represented in figure 3.18 demonstrates the ability of our system to give 
distinctive diffraction patterns from different biological materials. In general, 
biological materials should have less stringent requirements on momentum transfer 
resolution because their diffraction patterns feature intrinsically broader peaks; this 
means that what was proven in the previous section should apply here even more. All 
investigated samples were taken from an animal tissue (Lamb). The diffraction pattern 
of water (figure 3.17(f)) resembles that of muscle (figure 3.18(b)) which is an 
expected result because water is the dominant component in the muscle tissue. The 
peak position of both water and muscle patterns was found at 1.6 nm'^ which agrees 
with data represented elsewhere (Kosanetzky at al., 1987; Harding et al., 1987; Poletti 
at al., 2002 and LeClair at al., 2006). The sharp peak of bone (figure 3.18(c)) reflects 
its polycrystalline structure, while that of fat is due to the high degree of ordering of 
lipids that represents the main components in fats structure. The peak position of both 
bone and fat was found at 1.7 nm'^ and 1.2 nm‘^  respectively which agrees with the 
previous published data (Kosanetzky at al., 1987; Harding et al., 1987; Royle and 
Speller, 1995). The curve of bone marrow resembles that of fat, which is not 
surprising in view of the fact that bone marrow is mainly made up of fat cells (Royle 
and Speller, 1995). Both curves have a peak position at 1.2 nm"  ^ which is similar to 
the previous published data (Kosanetzky at al., 1987; Harding et al., 1987).
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Figure 3.18. The spectra of different biological materials at three angular acceptances, 
(a) Fat 2.2 mm thick, (b) Muscle 2 mm thick, (c) Bone 2.2 mm thick, (d) Bone marrow 
3 mm thick. The data confirms that the collimator gap size of 1.6 mm is the better 
choice for future use due to better statistics that can be acquired in shorter acquisition 
time without any loss in the scattering information especially for biological materials 
that exhibit broad peaks.
3.3.1.3 Sample thickness
The effect of sample thickness on peak broadening can be explained on the basis of 
diagram shown in figure 3.20. Increasing the sample thickness increases the range of 
scatter angles that lie within the angular acceptance of the collimator. In order to 
investigate the values of sample thickness above which differences in peak 
broadening of scatter signatures becomes non-negligible, samples of different
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thicknesses (between 1 and 10 mm) were acquired at different angular acceptances, 
the results are shown in figure 3.19.
In case of collimator gap size 1.6 mm, variations in peak width for nylon, perspex, 
caffeine and polycarbonate of the order of 0.08±0.02 nm"\ 0.0120±0.002 nm '\ 
0.09±0.02 nm'^ and 0.0150±0.001 nm'^ respectively are found, while in case of 90 pm 
collimator gap size, these variations for nylon, perspex, caffeine and polycarbonate 
peak widths were found 0.04±0.01 nm '\ 0.010±0.002 nm '\ 0.05±0.01 nm'^ and 
O.OliO.OOl nm'^ respectively. It must be pointed out that the situation will be different 
when moving from more structured materials (samples used for testing the system) to 
biological ones which intrinsically feature broader peaks; in this case the resulting 
data will be less affected by the angular acceptance. This suggests the possibility of 
scanning samples of greater thickness at different angles and summing the diffraction 
patterns obtained directly without further corrections such as deconvolution by the 
angular resolution of the system.
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Figure 3.19. Scattering spectra of different thicknesses of materials for two angular 
acceptances cases (a) and (b) are Caffeine spectra, (c) and (d) are Polycarbonate spectra, (e) 
and (f) are Nylon, (g) and (h) are Perspex. Cases (a), (c), (e) and (g) are spectra obtained for 
collimator gap size of 1.6 mm while cases (b), (d), (f) and (h) are spectra obtained for 
collimator gap size of 90 pm. All data are normalized with respect to the maximum intensity. 
Results show that the variations in peak width for different thicknesses of less structured 
materials is not crucial for both collimator gap sizes this suggests the possibility of summing 
the diffraction patterns obtained directly without further corrections.
-Thick sampleThin sample
Detector
Primary
collimator
Diffraction
collimator
Source
Figure 3.20. Schematic drawing represents the centre of scatter 
volumes as shaded areas resulting from the intersection between 
scatter collimator and source axes. The thick sample gives a range of 
scattering angles higher than that of the thin one.
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3.3.2 Multi-angle collimator
3.3.2.1 Centre of diffractometer
Each of the three different collimator angles 4.9°, 6.5° and 8.2° has its own centre of 
diffractometer which has been determined by scanning a thin caffeine sample (1.3 
mm thick) at different positions in each case as described in the ease of the conical 
collimator. The position of the sample that refers to the maximum intensity has been 
taken. Results represented in figure 3.21 showed that the exact values for the centre of 
diffractometer for the angles 4.9°, 6.5° and 8.2° were 5.8 cm, 10.4 cm and 14 cm 
respectively from the collimator face. The acquisition time was kept constant to 5 
minutes for the thiee angular positions.
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21.51 Figure 3.21. The centre of diffractometer 
for the multi-angle scatter collimator, (a), 
(b) and (c) are the centres for the angles 
4.9°, 6.5° and 8.2° respectively.
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3.3.2.2 Samples of different thicknesses at different angles
The present study is aimed at comparing data acquired at different angles and 
investigating the effect of angles on peak width. This preliminary study is important 
for the case of combining scattering data obtained at different angles in order to know 
whether it is possible to do this combination process by directly summing the data 
without any corrections apart from correction for the incident beam spectrum or if 
further corrections are needed. Combined data would allow reduction in acquisition 
times.
The scattering spectra in figure 3.22 for data obtained at different angles, shows a 
discrepancy in peak width for highly ordered material such as caffeine (for instance, 
the variation in peak width between angles 4.9° and 8.2° is 0.2 nm'^). For other less 
structured materials, such as polycarbonate and water, discrepancies are less apparent 
(for polycarbonate 2.1 mm, the variation in peak width between angles 4.9° and 8.2° is 
0.02±0.001 nm"\ For water, on the other hand, the variation in peak width between 
angles is 0.01±0.001 nm'^). The data represented in figure 3.22 can be investigated 
more clearly when plotting different thicknesses of materials under test at different 
angles as shown in figures 3.23, 3.24, 3.25 and 3.26. The gradual decrease in peak 
width when moving from angle 4.9° to 8.2° is obvious for highly ordered materials 
such as caffeine and polyethylene. This can be explained on the basis of the fact that, 
for the same scatter collimator, at lower scatter angles the angular range that can be 
seen by the collimator increases. The change was found to be 0.15±0.02 nm'^ between 
angles 4.9° and 6.5° and about 0.095±0.02 nm‘* between angles 6.5° and 8.2°. When 
comparing with the less structured materials studied (polycarbonate and perspex), a 
very small slightly change in peak width of the order of 0.02±0.002 nm'^ (between 
angles 4.9° and 6.5°) and of the order of 0.0Ü0.002 nm'^ (between angles 6.5° and 
8.2°) can be observed. The data represented in figures 3.23, 3.24, 3.25 and 3.26 
confirm that shown in figure 3.22.
These results suggest that is possible to directly sum diffraction patterns obtained at 
different angles for less structured materials such as soft tissues that feature 
intrinsically broader peaks than materials with a high degree of order such as caffeine 
and polyethylene.
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Figure 3.22. The scattering spectra of various samples of various thicknesses: (a) 
Polycarbonate 2.1 mm (b) Polycarbonate 9.5 mm (c) Caffeine 1.3 mm (d) Caffeine 8.8 
mm (e) Water 1.8 mm and (f) Water 6 mm at different scattering angles. Data are 
normalized with respect to the maximum intensity. Data shows that for less structured 
materials discrepancies in peak width are less apparent. This suggests that it is 
possible to directly sum diffraction patterns obtained at different angles for less 
structured materials such as soft tissues that feature intrinsically broader peaks.
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Figure 3.23. The scattering signatures of 
different thicknesses of Caffeine at 
different angles. The discrepancy in peak 
width for highly ordered materials such as 
caffeine shows that summing scattering 
data directly at different angles will lead to 
a loss in information unless certain 
corrections considered.
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Figure 3.24. The scattering signatures of 
different thicknesses of polyethylene at 
different angles. Discrepancies in peak 
width at different angles for different 
thicknesses show that data summation 
could be possible once suitable corrections 
were considered.
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Figure 3.25. The scattering signatures of 
different thicknesses of polycarbonate at 
different angles. The variations in peak 
width for different thicknesses at different 
angles are less apparent which suggests the 
possibility of data summation at different 
angles.
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Figure 3.26. The scattering signatures of 
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3.4 New components for system upgrade
3.4.1 New multi-angle diffraction collimator
The collimator designed and manufactured such that it includes five pairs of circular 
holes of diameter 1.4 mm located at different distances from a 1 mm central hole 
necessary for the alignment. These holes correspond to five different angles 4.5°, 6°, 
7°, 8.1° and 9.6°. The collimator consists of a brass block of thickness 10 mm as 
shown in figure 3.27. The centre of the sample scattering volume, for each angular 
position, was determined using the same procedure described in sections 3.2.2.2 and 
3.3.2.1. In this case the centres were found to be at 7.4 cm, 16.6 cm, 9.6 cm, 6.9 cm 
and 16.8 cm from the face of the scattering collimator nearest to the sample, 
corresponding to 4.5°, 6°, 7°, 8.1° and 9.6° respectively. This collimator design will 
help in reducing the data acquisition time when a pixellated detector is used due to the 
larger number of angles (5 angles) when compared with the previous one as will be 
discussed in Chapter 4. The angular resolution values for this system were found 
0.74°, 0.72°, 0.71°, 0.69° and 0.66° for scatter angles 4.5°, 6°, 7°, 8.1° and 9.6° 
respectively. It was calculated using the procedure presented by Pani et al. (2009) (see 
figure 3.28).
 O   — O — O —O  O  - • o l \ X \ \
4,5” 7 g , .  9.6”
  A o mm
Figure 3.27. Schematic drawing for the new designed 
scattering collimator providing a wider range of 
scattering angles.
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Figure 3.28. Shows the angular resolution values for the multi-angle 
scatter collimator of circular holes of 1.4 mm diameter. Data represented 
here was based on an algorithm written in IDL.
3.4.1.1 Effect of sample thickness on peak broadening
The scattering data obtained in figure 3.29 shows a discrepancy in peak position and 
width for caffeine. The variation in peak width between angles 6° and 9.6° is 0.1±0.02 
nm"\ These results agree quite well with those represented in figures 3.23, 3.24, 3.25 
and 3.26. For less structured materials such as perspex and polycarbonate the peak 
positions at the angular range under study are almost the same (0.77 nm'^ for perspex 
and 0.96 nm'^ for polycarbonate while the variation in peak broadening between 
angles 6° and 9.6°is 0.0Ü0.001 nm'^)
Figure 3.30, 3.31, 3.32 and 3.33 represent the diffraction spectra of different 
thicknesses of the previously studied plastic materials at different angles. For caffeine 
and nylon one can notice an obvious change in peak width across the angular range 
4.5° -  9.6°. The change was found to be of the order of 1.5±0.04 nm"' between angles 
4.5° and 9.6°. For less structured materials such as polycarbonate and perspex, a less 
significant change in peak width of the order of 0.015±0.002 nm ' can be observed 
between angles 4.5° and 9.6°.
The scattering data obtained from this angular range (4.5°, 6°, 7°, 8.1° and 9.6°) agrees 
with the results obtained before from the three angles (4.9°, 6.5°, 8.2°) multi-angle
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scatter eollimator. The data represented in figures 3.30, 3.31, 3.32, and 3.33 confirms 
that represented in figure 3.29.
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Figure 3.29. The scattering spectra of various samples of various thicknesses: (a) 
Polycarbonate 2.1 mm (b) Polycarbonate 9.5 mm (c) Caffeine 1.3 mm (d) Caffeine 8.8 mm 
(e) Perspex 2 mm and (f) Perspex 9 mm at different scattering angles. Data are 
normalized with respect to the maximum intensity. The results show that the scattering 
data obtained from this angular range (4.5°, 6°, 7°, 8.1° and 9.6°) agrees with the results 
obtained before from the three angles (4.9°, 6.5°, 8.2°) multi-angle scatter collimator 
which confirms the possibility of summing data directly for the new scatter collimator 
without corrections.
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Figure 3.30. Scattering signatures of different thicknesses of different materials at angle 
4.5°. (a) caffeine, (b) nylon, (c) polycarbonate and (d) perspex. The variations in peak 
width for less structured materials of different thicknesses such as polycarbonate and 
perspex can be neglected when compared with highly ordered ones which confirm the idea 
of data summation without loss in information.
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Figure 3.31. Scattering signatures of different thicknesses of different materials at angle 
6°. (a) caffeine, (b) nylon, (c) polycarbonate and (d) perspex. The data obtained at angle 6° 
agrees with that obtained in figure 3.30. This confirms the possibility of data summation 
for less structured materials without loss of information.
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Figure 3.32. Scattering signatures of different thicknesses of different materials at angle 
7°. (a) caffeine, (b) nylon, (c) polycarbonate and (d) perspex. The variations in peak width 
at this scatter angle agrees with the data represented at angles 4.5° and 6° for highly and 
less structured materials of different thicknesses.
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Figure 3.33. Scattering signatures of different thicknesses of different materials at angle 
9.6°. (a) caffeine, (b) nylon, (c) polycarbonate and (d) perspex. The variations in peak 
width for less structured materials of different thicknesses at this scatter angle agrees with 
the data obtained at other scatter angles which confirms the possibility of data 
summations at this angular range without loss in scatter information.
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3.4.2 Reducing the size of the primary collimator
In this study the 1mm primary collimator that was used for obtaining all previous data 
was replaced with a 0.5mm collimator to increase the momentum transfer resolution 
of the system. Figure 3.34 shows how a finer collimation produces a smaller 
scattering volume and hence a more limited angular range, which in turn leads to 
sharper scattering peaks.
Scatter
co llim ator
N arrow
collim ation
E xtended
source
B road
collim ation
Figure 3.34. Schematic diagram illustrating the effect of primary 
collimation on the scattering volume, (abed) is a scattering volume 
produced by broad collimation, while (efgh) is a scattering volume 
produced by narrow collimation. The minimum and maximum angles 
for fine collimation (angles at (e) and (g)) are closer to the nominal 
scatter angle than the minimum and maximum angles for broad 
collimation (angles at (a) and (c)).
Both the primary and multi-angle collimators were aligned with the beam axis using 
the procedure described before in section 3.2.4 and the same operational parameters. 
The acquisition time for each scattering angle was 10 minutes.
Figures 3.17, 3.19, 3.30, 3.3land 3.32 showed diffraction spectra of nylon with a 
characteristic triple-peak (two strong peaks at 0.78 and 1.18 nm“' while the small one 
is at 1 nm'^) but figures 3.35, 3.36, 3.37, 3.38 and 3.39 show nylon has a characteristic 
quadruple-peak diffraction spectra (two strong peaks at 0.79 and 1.2 nm’’ while the
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small ones are at 0.96 and 1.06 n m '\  This indicates that the 0.5mm primary 
collimator increases the momentum transfer resolution of the system to allow the 
detection of features in the diffraction patterns that are not resolved with broader 
collimation. The discrepancies in peak width for both caffeine and nylon can still be 
observed in the above mentioned figures. The variation in peak width for caffeine 
between angles 4.5° and 9.6° is 1.5±0.15 nm'^ which agrees with the previous data 
indicated in the case of the 1mm primary collimator.
For less structured materials such as polycarbonate and perspex, on the other hand, 
discrepancies in peak broadening are still slightly small (similar as the results 
indicated before in ease of 1mm primary collimator). For both polycarbonate and 
perspex, the peak width between angles 6° and 9.6° is still the same as pervious value 
(O.OliO.OOl nm'^). This shows that, although finer collimation provides increased 
spatial resolution, the intrinsic width of the diffraction peaks is the dominant factor for 
less structured materials; these materials would therefore not benefit from finer 
collimation.
The average counts across the whole spectrum (in ease of nylon 4.2 mm) for the 1 
mm collimator was 290000, while it was 91000 for the 0.5 mm collimator, resulting 
in shorter acquisition times (5 minutes) with no significant loss in the momentum 
transfer resolution of the system particularly for less structured materials such as soft 
tissue. This suggests the use of the 1 mm primary collimator in future work to benefit 
from the higher count rate allowed.
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Figure 3.35. The scattering spectra of various samples of various thicknesses: (a) 
Polycarbonate 2.1 mm (b) Polycarbonate 9.5 mm (c) Nylon 1.9 mm (d) Nylon 9.8 mm 
(e) Perspex 2 mm and (f) Perspex 9 mm at different scattering angles. Data are 
normalized with respect to the maximum intensity. Although finer collimation (0.5mm 
primary collimator) provides increased spatial resolution, the intrinsic width of the 
diffraction peaks is the dominant factor for less structured materials; these materials 
would therefore not benefit from finer collimation. This suggests the use of the 1 mm 
primary collimator in future work.
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Figure 3.36. Scattering signatures of different thicknesses of different materials at angle 
4.5°. (a) caffeine, (b) nylon, (c) polycarbonate and (d) perspex. The variations in peak 
width for both highly ordered and broad peaks samples for different thicknesses agree 
with the data represented before which confirms the possibility of data summations at 
different angles
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Figure 3.37. Scattering signatures of different thicknesses of different materials at angle 
6°. (a) caffeine, (b) nylon, (c) polycarbonate and (d) perspex. Results show that the 0.5 mm 
primary collimator effects appear only on the highly ordered materials while for less 
structured ones no variations in peak width can be observed. This shows that broad peaks 
materials will not benefit from this collimator in future work.
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Figure 3.38. Scattering signatures of different thicknesses of different materials at angle 
T.  (a) caffeine, (b) nylon, (c) polycarbonate and (d) perspex. The variations in peak width 
at this scatter angle agrees with the data represented at angles 4.5° and 6° for highly and 
less structured materials of different thicknesses.
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Figure 3.39. Scattering signatures of different thicknesses of different materials at angle 
9.6°. (a) caffeine, (b) nylon, (c) polycarbonate and (d) perspex. The variations in peak 
width for less structured materials is less apparent and its value at this scatter angle still 
the same as the other angles which is promising for future summation of scattering data at 
different angles.
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3.5 Effect of data summation at different angles
Figure 3.40 represents the summation o f the experimental data at different 
angles (6°, 7°, 8.1° and 9.6°) for less structured materials (perspex and 
polycarbonate). Results showed no variation in peak width can be observed. 
This confirms the idea that, for less structured materials, the summation o f 
scattering data at different angles is possible without any loss in the momentum 
transfer resolution.
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Figure 3.40. Effect of data summation at different angles (6°, 7°, 8.1” and 
9.6°) for less structured materials (in case of multi-angle scatter collimator 
of 1.4 mm diameter circular holes) and comparison with data obtained at 
angle 6°. (a) perspex 9 mm summed data, (b) polycarbonate 9.5 mm. 
Results show that it is possible to sum the scattering data obtained at 
different angles from plastic materials characterised with broad peaks. 
This confirms the possibility of summing scatter data acquired from real 
human tissues in the future in order to reduce the acquisition time.
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3.6 Conclusion
In this chapter, two EDXRD systems were evaluated on a range of materials with 
more or less broad diffraction patterns: one system had a eonieal scatter collimator 
with the possibility of ehanging the collimator gap size; the other system is based on 
the subsequent acquisition of diffraction patterns at different angles with a multi-hole 
eollimator.
A detailed analysis was performed to assess the limits for sample thickness beyond 
which significant peak broadening takes place, and it was found that no signifieant 
loss in peak width occurs for samples of up to -1 cm, which is compatible with the 
typieal size of a biopsy sample.
It was also found that, while highly-ordered materials like eaffeine display a 
deteetable change in peak width when different parameters of the system (scatter 
collimator design, primary eollimator aperture) are ehanged, this does not apply to 
biologieal samples, whieh feature intrinsieally broader diffraction peak and are less 
affeeted by ehanges in the angular resolution of the system
All the above results eneouraged the extension of this proof-of-eoncept to the 
simultaneous aequisition of diffraction patterns at different angles with a pixellated 
spectroseopic detector. This will be the subjeet of the next chapters.
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Chapter 4
Multi-angle XRD measurements using a pixellated CdTe detector
4.1 Introduction
When an objeet is imaged using coherently seattered X-rays, the photons forming the 
detected image are those that have undergone a spécifié interaction within the objeet. 
This means that the detected photons should be considered as having originated 
within the object leading to an emission situation similar to that of a nuelear medieine 
proeedure (Griffiths et al., 2008). Many authors indieated that the eoherent seatter of 
X-rays by biological tissues ean be used as indicative property of the tissue type with 
whieh X-rays interact (Kosanetzky at al., 1987; Harding et al., 1987; Evans et al., 
1991; Royle and Speller, 1995; Desouki et al., 2001; Castro et al., 2005). This 
property is important for breast tissues for enhancing the visibility of breast tumours 
and its spread within tissues.
The previous chapter diseussed the feasibility and limitations of summing XRD 
acquisitions at multiple angles with a single-point deteetor with a view to reducing the 
acquisition times when the acquisitions are made simultaneously. Clearly, 
simultaneous acquisitions are only feasible with a series of separate detector, or with 
multi-element detectors. This chapter will address the combination of acquisitions 
simultaneously obtained at different angles by means of a pixellated speetroscopic 
deteetor. New multi-angle scatter collimators, looking at small scatter angles (below 
10°) have been designed and manufactured for the current work. A comparison 
between them on the basis of momentum transfer resolution and eounting statistics 
was performed, proving that, for the requirements of the present project, a 
comparatively coarse collimation is preferable to finer collimation as it allows 
significantly higher counting statistics.
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4.2 Materials and methods
4.2.1 Spectroscopic pixellated semiconductor detector
The deteetor used for these studies was built for speetroscopic measurements of high 
energy X-rays (up to 160 keV) (Wilson et ah, 2011). The deteetor eonsists of a 80 x 
80 array of pixels on a 250 pm pixel pitch. A 20mm x 20mm x 1mm CdTe single 
crystal is used as the deteetion medium and conneeted to an array readout eleetronics 
giving better than 1 keV FWHM energy resolution at 59.5 keV and 1.5 keV FWHM 
at 141 keV (Seller et al., 2011). Eaeh pixel was eonneeted to an energy resolving 
channel on an Applieation Spécifié Integrated Cireuit (ASIC) (Jones et al., 2009). Its 
outputs are connected to four off-ehip 20 MHz 12bit Analog to Digital Converters 
(ADCs). Each channel in the ASIC eontains a charge pre-amplifier, a shaping 
amplifier and a peak-Traek-and-Hold cireuit.
The CdTe erystal was eonneeted to the ASIC. The outputs from the four ADCs are 
sent by a Camera-Link card to a frame grabber in the eontrol PC. The ADCs and 
Camera-Link driver are situated on a loeal stack of boards which is packaged in a 
metal enclosure (see figure 4.1) together with a temperature control system whieh is 
able to stabilize the temperature of the ASIC and the CdTe detector to better than 1 
degree in a range from 10 to 30 °C (Seller et al., 2011). The detector chamber was 
sealed and a dehumidifier was used to remove moisture from the chamber allowing 
sub-room temperature operation.
The detector was biased at -500 V and all seattering measurements were performed at 
eonstant temperature of 18 °C. In this study the diffraetion speetra were collected at 
two different aequisition times (12 min and 24min).
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Figure 4.1. Enclosure with readout and temperature stabilization. 
Detector board can be seen on the lower left (Seller et al., 2011).
4.2.1.1 Spectral response of the HEXITEC pixellated CdTe detector
The spectral response for the pixellated detector can be obtained when exposed to 
radiation from a VEX source described in section 3.2.3.1. Figure 4.2 shows the ability 
of the uncooled detector to differentiate between different fluorescence peaks of the 
targets (Mo, Ag and Ba) from a VEX source described in Chapter 3. The spectra 
shown in the plot are obtained by summing the spectra from all pixels using average 
calibration coefficients to obtain the x-axis. The average calibration curve is shown in 
Figure 4.3
The overall energy resolution can be improved by cooling the detector and by 
performing individual pixel calibration and interpolating the spectra. The results from 
both operations are shown in Figure 4.4: “non calibrated data” refers to data obtained 
with average calibration coefficients, whilst “calibrated data” refers to data obtained 
by individually calibrated pixels and
The calibrated data showed an improvement in the detector performances and the two 
Mo peaks can be resolved well than in non-calibrated data. See figure 4.4. For the 
data shown in this chapter, a procedure using individual pixel-by-pixel calibration was 
used. Then in all cases the calibrated spectra were interpolated so as to have each
Experimental Work Chapter 4
channel corresponding to the same energy for all pixels. This allowed channel-by- 
channel summing of spectra from multiple pixels without loss of overall energy 
resolution.
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Figure 4.2. The HEXITEC detector response to the radiation emitted from 
the VEX source showing a resolved peaks to different targets.
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Figure 4.3. HEXITEC detector calibration curve. Data based on the 
fluorescence peaks of Mo, Ag and Ba targets from the vex source. 
Horizontal error bars are too small to be seen.
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Figure 4.4. A comparison between calibrated (after and before cooling) 
and noncalibrated Mo data showing the improvement in the detector 
performance after cooling.
4.2.2 Experimental setup
A custom built X-ray diffractometer consists of a polychromatic X-ray beam, 1 mm 
primary collimator, target samples (plastic materials) and multi-angle diffraction 
collimator coupled with the previously described spectroscopic pixellated CdTe 
detector was used for the cuiTent work. Figure 4.5 represents a photograph for the 
experimental setup used.
M etal fram e to  
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from  rad iation  
and su pport 
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Figure 4.5. (a) And (b) illustrate experimental setup of 
the energy dispersive system.
4.2.3 X-ray source
The experimental work was performed using the same polychromatic high intensity 
tungsten target X-ray source described in section 3.2.1. During measurements both 
tube voltage and cunent were kept constant at 70 kV and 30 mA.
4.2.4 Collimation system
4.2.4.1 Primary collimator
The primary collimator used in this study is the same one described in section 3.2.2.1 
while the only difference in this case is its position. The collimator was set at a 
distance 72 cm from the source. The new position affects the size of the scattering 
volume and also reduces the beam dimension at the scatter collimator face which is 
necessary during the alignment process because of the small separations between the 
new designed multi-angle scatter collimator holes. As discussed before the size of the 
scattering volume is defined by the primary collimator diameter which controls the 
cross section of the incident beam, the angular acceptance of the scatter collimator 
and the scattering angle. The scattering volume size controls the maximum 
momentum transfer resolution obtainable in the resulting images.
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4.2.4.2 Diffraction collimators
The multi-angle scatter collimators used in this work have been designed such that all 
the collimators holes have the same centre of scattering volume (6.5 cm) from the 
collimator face nearest to the sample. Two types of multi-angle scatter collimators 
were used in the present study (see collimators designs in figure 4.6):
(a) A brass block of thickness 20 mm containing five pairs of square holes 1mm side 
selecting five different angles (2°, 4°, 6°, 8° and 10°). The holes are arranged on both 
sides of 1mm a central square hole, which is used during the alignment process. The 
collimator was mounted on a metal frame that supported it inside the detector box as 
close as possible to the detector surface (see figure 4.7). A screw with a pitch of 
Imm/tum allows sideways adjustment of the collimator position. The angular 
resolution of the system was 0.85°, 0.76°, 0.69°, 0.66° and 0.61° for scatter angles 2°, 
4°, 6°, 8° and 10° respectively (see figure 4.8). These values for the angular resolution 
were calculated using the procedure presented by Pani et al., (2009). Since the angular 
resolution is a non-constant function of momentum transfer due to the non-linear 
relationship between momentum transfer and scatter angle, when converted to 
momentum transfer it ranged from 0.2 nm'^ to 0.9 nm '\ 0. 1 nm'^ to 0.5 nm '\ 0.07 
nm'^ to 0.4 nm"\ 0.06 nm’  ^ to 0.3nm'^ and 0.05 nm'* to 0.2 nm'* for angles 2°, 4°, 6°, 
8° and 10° respectively.
Once the collimator is aligned and the whole system is ready for acquisition, a test 
caffeine sample (5.5 mm) was placed in the centre of scattering volume position and 
scattering data were acquired using the pixellated detector for 24 minutes. The output 
image obtained by integrating all spectral channels for each pixel is shown in figure
4.9. From the figure it is clear that only three angles (2°, 4°, 6°) were seen by the 
detector on the right hand side part of the central hole, while on the left hand side only 
two angles recorded. This means that with this collimator it won’t be possible to 
obtain scattering information from both sets of angles simultaneously. Further 
investigations about this collimator design will be discussed later.
(b) A brass block of thickness 15 mm containing five rectangular holes of dimensions 
(0.5 mm X 1mm) referring to five different angles (2°, 4°, 6°, 8° and 10°). See figure
4.10. The holes are arranged in a linear array on a length of 11.8 mm on the collimator
92
Experimental Work Chapter 4
front side (source side), while from the back side, close to the detector, they occupy a 
distance of 14.4 mm. This guarantees that whole set of angles will be within the active 
area width (20 mm) of the detector. This means that once the collimator replaced the 
multi-angle scatter collimator of 1 mm side square holes five regions of irradiated 
pixels corresponding to five different angles will appear on the output image of the 
pixellated detector as shown in figure 4.11. The angular resolution of the system was 
calculated as 0.82°, 0.73°, 0.67°, 0.62° and 0.58° for scatter angles 2°, 4°, 6°, 8° and 
10° respectively (see figure 4.12). The angular resolution was calculated using the 
procedure presented by Pani et al., (2009). When converted to momentum transfer it 
ranged from 0.2 nm'^ to 0.7 nm '\ 0. 1 nm'^ to 0.4 nm'% 0.07 nm"^  to 0.3 nm"% 0.05 
nm"^  to 0.2 nm'^ and 0.03 nm'^ to 0.1 nm'' for angles 2°, 4°, 6°, 8° and 10° 
respectively. For both collimators, the diffraction patterns at each angle were 
obtained by summing the spectra from corresponding pixels. Prior to summing, the 
spectrum from each pixel was energy calibrated using pixel-specific calibration 
coefficients. Both collimators are mounted onto a frame with a screw-driven lateral 
motion for alignment.
(a)
20 mm
22.2  mm
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C entre o f  sca tter in g  
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(b) 4 mm
15 mm
65 mm
14.1 mm
11.1 mm
9.1 mm
6.8 mm
4.5  m m
2.27 mm
Sam ple
Position
Figure 4.6. Schematic drawing represents diffraction collimators designs, 
(a) for diffraction collimator of square holes of 1mm side, (b) for diffraction 
collimator of rectangular holes of dimensions (500pm x 1mm).
Metal mask
2" 4” 6“ 8” 10
20mm
E xpanded  v iew  
sh o w in g  hole  
d im en sion s
Figure 4.7. Front view for the scatter collimator of 1 mm 
square holes on both sides of the central hole, attached to 
the detector mask.
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0.85° 0.76' 0.69' 0.66 0.61
--- 10
0.6
0.4
Angle (degrees)
Figure 4.8. Angular resolution for the multi-angle scatter collimator 
with 1mm square holes. Data are obtained from an analytical 
algorithm (Pani, 2012).
Slice 1. max value: 81463
1400
1120
- 840
- 560  
280  
0
Figure 4.9. An output image (80 x 80 pixels array) from 
the pixellated detector shows the angles being only 
recorded from the multi-angle scatter collimator of 1 mm 
square holes.
95
Experimental Work Chapter 4
Figure 4.10. Front view for the scatter collimator of 
rectangular holes of dimensions (1 mm x 500pm).
E xp and ed  v iew  
sh ow in g  hole  
d im en sion s
Slice 3, max value: 23671
2000
- 1500
-  1000
- 500
-  0
Figure 4.11. An output image (80 x 80 pixels array) from 
the pixellated detector shows the five angles being 
recorded from the multi-angle scatter collimator of 
(500pm X  1 mm) square holes. The white region to the 
right corresponds to low-noise and does not affect the 
energy range considered in our studies.
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Figure 4.12. Angular resolution for the multi-angle scatter collimator with 
rectangular holes of dimensions (0.5 mm x 1mm). Data are obtained from 
an analytical algorithm (Pani, 2012).
4.2.5 System alignment
The operational parameters used during the alignment process were 1 mA cuiTcnt and 
35 kVp voltage. The alignment was performed in two stages. The first stage is the x-y 
alignment aimed at aligning the centre of the collimator with the beam. It is divided 
into two parts. In the first part, the detector has to be aligned such that the X-ray beam 
out of the primary collimator falls on the middle of the detector, giving rise to an 
image like the one in figure 4.13 (a). The coordinate of the central pixel in the beam 
image was (41, 42). In the second part, the primary collimator is removed and the 
scatter collimator is placed. The detector is kept stationary and the collimator position 
is adjusted until the footprint of the central hole falls on the same position as the 
footprint of the primary collimator in the previous step. Finally, both collimators are 
positioned. See figure 4.13 (b).
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Pixel
coordinate
(41,42)
Pixel
coordinate
(41,42)
250  
-  200
- 150
-  100
i r
Figure 4.13. An output images from the pixellated detector, (a) is the image of 
the primary collimator directly on the middle of the detector, (h) is the image of 
X-ray beam on the middle of the detector through the central hole of scatter 
collimator in the absence of the primary collimator.
The alignment process in the second stage includes rotational motion for the scatter 
collimator. For the scatter collimator with square holes 1mm in side, since the five 
holes arranged on both sides of the central one, the same procedure described in 
section 3.2.4 was followed and once the spectra obtained from a certain pair o f holes 
(representing the same angle) were coincident together this meant that the collimator 
was aligned (see figure 4.14). The angle was kept constant for the scatter collimator 
containing five rectangular holes of dimensions (500pm x 1mm).
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— 6“ left 
— 6° right6° right
0. 2 -
Momentum transfer (nm‘ Momentum transfer (nm’
Figure 4.14. The scattering spectra of caffeine 8.8 mm at angle 6^  on both sides of the 
central hole, (a) shows that the scatter collimator was not aligned because the spectra were 
not coincident while (b) shows the spectra were coincident which means both sides of the 
collimator are looking to the same angle.
4.2.6 Samples
The samples used in the present work were those described in section 3.2.5. The 
spectra for all samples were acquired at the centre of scattering volume (6.5 cm from 
the collimator surface).
4.2.7 Data corrections
The experimental raw data obtained were corrected as described before in section 
3.2.6. Figure 4.15 shows that after corrections the peak heights of the resulting 
diffraction spectra match together showing that any dependence from the incident 
spectral shape has been removed.
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--- 6‘
-----------8 '
£  0.6
0.4
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0.5 2.5
Momentum transfer (nm )
--- 6
£  0.6
0.4
0.2
0.5 2.5
Momentum transfer (nm
Figure 4.15. The scattering spectra of nylon 4.2 mm at different angles 
from the multi-angle scatter collimator of I mm side square holes. Figure 
(a) shows uncorrected data while (b) shows corrected one with respect to 
the incident spectrum.
Figure 4.16 represents an example for an experimental data, non-corrected and 
corrected for the attenuation of X-rays tlii'ough the sample. The attenuation correction 
process was performed based on equation 3.3 using the attenuation data from 
Nowotny (1998).
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Figure 4.16. Effect of attenuation correction on the experimental data 
obtained for caffeine 8.8 mm at angle 6”.
4.3 Results and discussion
4.3.1 Multi-angle scatter collimator with 1 mm square holes
4.3.1.1 Effect of sample thickness and different angles on peak width
The present study is aimed at comparing the scattering data obtained at different 
angles. This comparison is based on detennining the variation in the peak width at 
different angles and investigating the effect of sample thickness on the scattering peak 
width. The goal is to combine seattering data obtained at different angles directly by a 
simple summation once simple corrections for spectral shape and sample absoiption 
are applied. This combination process is important for reducing the data aequisition 
time that is necessary for a CT image acquisition for in-field applications. Figure 4.9 
shows the angles that can be seen once the collimator is aligned with the incident 
beam. The acquisition time is kept constant at 12 minutes for all seattering data 
acquired in this study. The diffraction spectra obtained in figures 4.17, 4.18, 4.19, 
4.20 and 4.21 show seattering peaks with statistical fluctuations. Results at 2° were 
discarded because data were contaminated by the primary beam due to the dimensions 
of the focal spot.
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0 ,2 -
Momentum transfer (nm’ Momentum transfer (nm’
— 4° Figure 4.17. The scattering spectra of 
various samples of various thicknesses: 
(a) caffeine 1.3 mm, (b) caffeine 5.5 mm 
and (c) Caffeine 8.8 mm at different 
scattering angles. Data are normalized 
with respect to the maximum intensity.
Momentum transfer (nm’
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Momentum transfer (nm‘ Momentum transfer (nm‘
Figure 4.18. The scattering spectra of 
various samples of various thicknesses: 
(a) nylon 1.9 mm, (b) nylon 4.2 mm and 
(c) nylon 9.8 mm at different scattering 
angles. Data are normalized with respect 
to the maximum intensity.
Momentum transfer (nm‘
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— 4°
Momentum transfer (nm’ Momentum transfer (nm‘
— 4°
- 6°
Figure 4.19. The scattering spectra of 
various samples of various thicknesses: (a) 
perspex 2 mm, (b) perspex 4.9 mm and (c) 
perspex 9 mm. at different scattering 
angles. Data are normalized with respect 
to the maximum intensity.. -Ê 0 .6
AM
Momentum transfer (nm'
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Figure 4.20. The scattering spectra of 
various samples of various thicknesses: (a) 
polycarbonate 2.1 mm, (b) polycarbonate 
5 mm and (c) polycarbonate 9.5 mm. at 
different scattering angles. Data are 
normalized with respect to the maximum 
intensity.
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A./m
Figure 4.21. The scattering spectra of 
various samples of various thicknesses:
(a) polyethylene 2.2 mm, (b) polyethylene
5.5 mm and (c) polyethylene 9mm at 
different scattering angles. Data are 
normalized with respect to the maximum 
intensity.
These statistieal fluctuations can be reduced by increasing the acquisition time in 
order to better quantify the differences in the diffraction patterns obtained from 
different angles. A new set of diffraction spectra was acquired for 24 minutes and 
displayed in figures 4.22, 4.23, 4.24, 4.25, 4.26 and 4.27. From these figures a small 
discrepancy in peak width for some peaks of the highly ordered materials (such as 
caffeine, nylon and polyethylene) can be observed. Discrepancies in the relative peak 
height for caffeine can be explained with two observations: firstly, the attenuation 
corrections may not be effectively due to the uncertainty in the estimate of the density 
of the powdered material. Here an estimate of one half the density of solid caffeine 
was used. Discrepancies are more apparent for thicker samples.
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Secondly, the modelled spectrum from Cranley et al (1978) may not be an exact 
representation of the actual spectrum. A small variation in the inherent filtration of the 
source (not specified by the manufacturer) would have a strong effect on the low- 
energy component of the beam, and hence on the height of low-momentum transfer 
peaks
For less structured materials such as perspex and polycarbonate the variation in peak 
width is negligible. Figure 4.27 shows the scattering spectra of different thicknesses 
of materials at 6°. Results show that for all studied materials the variation in peak 
width is less apparent and can be neglected. The data shown in this study agree with 
those presented in the previous chapter and also with the literature.
This suggests the possibility of combining scattering data obtained at different angles 
without any further corrections, rather than the previously mentioned ones, for 
reducing the acquisition time when a pixellated detector is used such to cover a range 
of scattering angles.
In order to do so, it is necessary to increase the number of scatter angles from the 
current two angles (4° and 6°). Since the two sets of angles appeared in figure 4.9 
were not complete (only 2°, 4° and 6° on the right side and 2° and 4° on the left side) it 
was decided to shift the scatter collimator, and shift the detector accordingly, to 
display at least one full set of angles.
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— 4°
.-Ê0.6
Momentum transfer (nm"Momentum transfer (nm‘
— 4“ Figure 4.22. The scattering spectra of 
various samples of various thicknesses: (a) 
caffeine 1.3 mm, (b) caffeine 5.5 mm and 
(c) Caffeine 8.8 mm at different scattering 
angles. Data are normalized with respect 
to the maximum intensity.
Momentum transfer (nm’
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— 4°
Momentum transfer (nm’ Momentum transfer (nm’
Figure 4.23. The scattering spectra of 
various samples of various thicknesses: (a) 
nylon 1.9 mm, (b) nylon 4.2 mm and (c) 
nylon 9.8 mm at different scattering 
angles. Data are normalized with respect 
to the maximum intensity.
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Figure 4.24. The scattering spectra of 
various samples of various thicknesses: (a) 
perspex 2 mm, (b) perspex 4.9 mm and 
(c) perspex 9 mm at different scattering 
angles. Data are normalized with respect 
to the maximum intensity.
Momentum transfer (nm'
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Figure 4.25. The scattering spectra of 
various samples of various thicknesses: (a) 
polycarbonate 2.1 mm, (b) polycarbonate 
5 mm and (c) polycarbonate 9.5 mm at 
different scattering angles. Data are 
normalized with respect to the maximum 
intensity.
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Figure 4.26. The scattering spectra of 
various samples of various thicknesses: (g) 
polyethylene 2.2mm, (h) polyethylene
5.5mm and (i) polyethylene 9mm at 
different scattering angles. Data are 
normalized with respect to the maximum 
intensity.
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5,5 mm
— 2.2 mm 
— 5.5 mm 
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— 9 mm
— 2.1 mm 
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Figure 4.27. The scattering signatures of different thicknesses of materials at angle 6®: (a) 
Caffeine, (b) Polyethylene, (c) Polycarbonate and (d) Perspex.
Figure 2.28 presents experimental data summed at the different scattering angles (4° 
and 6°) in case of the two possible acquisition times. From the figure, with higher 
acquisition time (24 min) better statistics can be obtained avoiding any significant loss 
in the resulting peak resolution especially for less structured materials.
113
Experimental Work Chapter 4
— 12 min 
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Figure 4.28. Effect of acquisition time on the data summed at different angles (4° and 
6”) for multi-angle scatter collimator with 1 mm side square holes, (a) caffeine 5.5 
mm, (b) nylon 4.2 mm, (c) perspex 4.9 mm and (d) polycarbonate 5 mm.
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4.3.2 Shifting the multi-angle scatter collimator of 1 mm square holes
After collimator shift, one more angle (8°) can be observed in the detector image 
shown in figure 4.29.
Slice 1, max value: 16947
1200
- 960
-1- 720
- 480
m - 240
Figure 4.29. An output image (80 x 80 pixels array) from 
the pixellated detector shows the angles recorded from the 
multi-angle scatter collimator of 1 mm square holes when 
shifted.
The effect of this new set of angles on both peak broadening and peak position for 
materials of different thicknesses is going to be discussed in the following section. 
The scattering spectra obtained in figures 4.30, 4.31, 4.32, 4.33, 4.34 and 4.35 showed 
a discrepancy in peak width for highly ordered materials. A big difference in peak 
width, in case of caffeine, can be observed and smaller difference in the case of nylon 
(main peak) which is more structured than other non-crystalline materials (perspex, 
polycarbonate and muscle). This means that profiles for these materials could only be 
summed if one accepted to a certain loss in momentum transfer resolution. For
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caffeine, the variation in peak width between angles 4° and 8° is 0.15±0.02 nm '\ The 
variations in peak heights for different thicknesses of caffeine (figure 4.30) can be 
explained on the basis of two reasons:
(a) The estimation of the caffeine density was not accurate enough since the sample 
was powder therefore during the attenuation corrections we used an average value for 
the density.
(b) During generating the incident spectrum, we made estimation for the material 
between the point of emission of the source and outside of the source box because the 
manufacturer didn’t give us any information about it. This will lead to a bad 
estimation for the low energy part of the incident spectrum which means, during 
correction for the incident spectral shape, our data may be affected by errors appeared 
in the low energy part.
For less structured materials such as polycarbonate, perspex and muscle the 
differences in peak positions at this angular range undetectable (0.96 nm'^ for 
polycarbonate, 0.77 nm'^ for perspex and 1.6 nm'^ for muscle). These values for peak 
position agree with the previously represented data in the literature (Kosanetzky at ah, 
1987; Harding et al., 1987; Poletti at ah, 2002 and LeClair at ah, 2006). The spectra 
represented in figure 4.35 shows the effect of sample thickness on the resulting peak 
width. Results showed changes in peak width the order of 0.01 nm"  ^ (between angles 
4° and 8°) for the plastic materials tested (polycarbonate and perspex), while for 
muscle the variation in peak width is undetectable.
This confirms that the situation will be different when moving from types of plastic 
materials under test to biological ones which feature intrinsically broader peaks; in 
this case the resulting data will be less affected by the current angular range. This 
confirms the idea of summing the diffraction patterns obtained at this angular range 
directly without further corrections.
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Figure 4.30. The scattering spectra of 
various samples of various thicknesses: (a) 
caffeine 1.3 mm, (b) caffeine 5.5 mm and 
(c) Caffeine 8.8 mm at different scattering 
angles. Data are normalized with respect 
to the maximum intensity.
Momentum transfer (nm‘
117
Experimental Work Chapter 4
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Momentum transfer (nm’ Momentum transfer (nm‘
— 4“ Figure 4.31. The scattering spectra of 
various samples of various thicknesses: (a) 
nylon 1.9 mm, (b) nylon 4.2 mm and (c) 
nylon 9.8 mm at different scattering 
angles. Data are normalized with respect 
to the maximum intensity..■Ê0.6
Momentum transfer (nm’
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Figure 4.32. The scattering spectra of 
various samples of various thicknesses: (a) 
perspex 2 mm, (b) perspex 4.9 mm and (c) 
perspex 9 mm at different scattering angles. 
Data are normalized with respect to the 
maximum intensity.
Momentum transfer (nm’
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Figure 4.33. The scattering spectra of 
various samples of various thicknesses: (a) 
polycarbonate 2.1 mm, (b) polycarbonate 
5 mm and (c) polycarbonate 9.5 mm at 
different scattering angles. Data are 
normalized with respect to the maximum 
intensity.
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Figure 4.34. The scattering spectra of various samples of various thicknesses: (a) muscle 
4mm, (b) polyethylene 2.2mm, (c) polyethylene 5.5mm and (d) polyethylene 9mm at 
different scattering angles. Data are normalized with respect to the maximum intensity.
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Figure 4.35. The scattering signatures of different thicknesses of materials at angle 8°: (a) 
Caffeine, (b) Polyethylene, (c) Polycarbonate and (d) Perspex.
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Figures 4.36 and 4.37 represent the summation o f the experimental data at 
different angles (4°, 6°, and 8°) for both highly ordered and less struetured 
materials. Results showed that poor resolved peaks observed after summation 
for highly ordered materials when data compared with those obtained at angle 
8° while for less structured materials (muscle and perspex) no variation in peak 
width can be observed. This confirms the idea that, for less structured 
materials, the summation o f scattering data at different angles is possible 
without any loss in the momentum transfer resolution.
 summed data
 at 8°
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Figure 4.36. Effect of data summation at different angles (4°, 6^ , and 8°) for highly 
ordered materials and comparison with data obtained at angle 8". (a) caffeine 5.5 
mm and (b) nylon 4.2 mm.
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Figure 4.37. Effect of data summation at different angles (4®, 6“, and 8°) for less 
structured materials and comparison with data obtained at angle 8^ . (a) muscle 4 
mm and (b) perspex 4.9 mm.
124
Experimental Work Chapter 4
4.3.3 Multi-angle scatter collimator of rectangular holes
4.3.3.1 Effect of sample thickness and different angles on peak width
In this section, the same analysis described in the previous section is applied to the 
finer collimator with rectangular holes. Figure 4.11 shows an output image from the 
detector that includes the five angles obtained with this collimator. With this finer 
collimation, more resolved scattering peaks are expected due to the limited range of 
angles that are picked up fiom each hole. The acquisition time for all scattering data 
obtained in this study is kept constant at 24 minutes. High statistical fluctuations have 
been observed for the scattering spectra showed in figures 4.38, 4.39, 4.40, 4.41, 4.42, 
4.43 and 4.44. This confirms the necessity of increasing the acquisition time in the 
future in order to have smooth peaks.
The variation in peak width for caffeine between angles 4° and 10° is 0.16±0.01 nm '\ 
For nylon spectra the variation in the peak width (main peak) of nylon 9.8mm (for 
instance) was found to be 0.07±0.01 nm '\
For polycarbonate, perspex and muscle, on the other hand, no change in peak width is 
observed between scattering data obtained in this study and those obtained from 1 mm 
square holes multi-angle scatter collimator study. This means that the only difference 
between the two scatter collimators for the analysis of less structured materials is the 
acquisition time that should be increased when using the multi-angle scatter 
collimator of rectangular holes of dimensions (500pm x 1 mm).
Although finer collimation provides increased spatial resolution especially for highly 
ordered materials, the intrinsic width of the diffraction peaks is the dominant factor 
for less structured materials and since no change in peak width is observed when 
comparing between different scatter collimators used, these materials would not 
benefit from finer collimation.
Figure 4.45 represents a comparison between the polycarbonate 9.5 mm diffraction 
spectra obtained at 6° in case of the two different types of scatter collimators used. It 
is clear that the counting statistics obtained from the multi-angle scatter collimator of 
1 mm side square holes is a factor of 2 higher than that obtained from the other scatter 
collimator with rectangular holes for the same acquisition time (24 minutes). Since no 
significant change in the momentum transfer resolution can be observed particularly
125
Experimental Work Chapter 4
for less structured materials such as soft tissue, for both types of collimators, this 
suggests the use of multi-angle scatter collimator with broader collimation for ftiture 
work to benefit from the higher count rate.
Figure 4.46 shows a comparison between the statistics obtained at different setter 
angles for both scatter collimators at the same acquisition time (24 min). The data 
shows that, the scattering angle 8° is the most suitable one for our system for better 
statistics when compared with others.
In the future, this collimator will be redesigned and manufactured such that more 
scatter angles can be explored; this will help in reducing the acquisition time during 
the combination process.
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Figure 4.38. The scattering spectra of 
various samples of various thicknesses; (a) 
caffeine 1.3 mm, (b) caffeine 5.5 mm and 
(c) Caffeine 8.8 mm at different scattering 
angles. Data are normalized with respect to 
the maximum intensity.
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Figure 4.39. The scattering spectra of 
various samples of various thicknesses: (a) 
nylon 1.9 mm, (b) nylon 4.2 mm and (c) 
nylon 9.8 mm at different scattering angles. 
Data are normalized with respect to the 
maximum intensity.
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Figure 4.40. The scattering spectra of 
various samples of various thicknesses: (a) 
perspex 2 mm, (b) perspex 4.9 mm and (c) 
perspex 9 mm at different scattering angles. 
Data are normalized with respect to the 
maximum intensity.
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Figure 4.41. The scattering spectra of 
various samples of various thicknesses: (a) 
polycarbonate 2.1 mm, (b) polycarbonate 5 
mm and (c) polycarbonate 9.5 mm at 
different scattering angles. Data are 
normalized with respect to the maximum 
intensity.
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Figure 4.42. The scattering spectra of various samples of various thicknesses: (a) muscle 
4mm, (b) polyethylene 2.2mm, (c) polyethylene 5.5mm and (d) polyethylene 9mm at 
different scattering angles. Data are normalized with respect to the maximum intensity.
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Figure 4.43. The scattering spectra of 
various samples of various thicknesses: (a) 
perspex at angle 4”, (b) perspex at angle 8® 
and (c) polycarbonate at angle 6“. Data are 
normalized with respect to the maximum 
intensity.
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Figure 4.44. The scattering spectra of 
various samples of various thicknesses: (a) 
polycarbonate at angle 10^ (b) perspex at 
angle 10” and (c) polycarbonate at angle 
8”. Data are normalized with respect to the 
maximum intensity.
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Figure 4.45. A comparison between the scattering spectra obtained from 
polycarbonate 9.5 mm at angle 6" in case of the two different types of 
multi-angle scatter collimators used.
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Figure 4.46. A comparison between the statistics obtained at different angles from 
the two different scatter collimators, (a) perspex 4.9 mm in case of square holes 
scatter collimator and (b) perspex 4.9 mm in case of rectangular holes scatter 
collimator.
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4.4 Conclusion
The characteristics of an EDXRD system based on a pixellated spectroscopic detector 
and two different multi-angle scatter collimators have been investigated. For both 
collimators an increase in peak width of the diffraction patterns for more structured 
materials (caffeine, nylon) is observed when moving from larger to smaller scatter 
angles. This variation is negligible, on the other hand, for less structured plastics and 
biological tissue, confirming that for such materials the intrinsic peak width resulting 
from the lower degree of order of the structures is the dominant factor in the measured 
peak width. For this reason, finer collimation, obtained with a 0.5 x 1 mm^ collimator 
hole size, is not suitable when analysing biological tissue as it causes a strong 
reduction in the counting statistics.
For the same reason, diffraction patterns obtained at different angles for such 
materials can be summed together without loss in momentum transfer resolution. In 
an imaging system looking at multiple angles together this would allow a reduction in 
the acquisition times by a factor equal to the number of angles.
Some discrepancies in the relative peak height for caffeine are explained by incorrect 
estimate of material density or of beam spectrum, but this does not affect materials 
such as biological tissue that have lower density and diffraction peaks at higher 
momentum transfer values than caffeine.
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Chapter 5
Computed tomography (CT) imaging using energy-dispersive X-ray
diffraction
5.1 Introduction and motivation for the current work
Breast cancer is the most widespread disease in women. Its incidence becomes in a 
continuous increase in many parts of the world. It is the main reason for young 
women death (average age of 33 -  55 years) (Parking et al., 1988) and the need for an 
early and more accurate diagnosis method has been identified as a basic factor that 
may help in saving the life of many women.
Alongside “in vivo” imaging methods, the need has arisen for quick and effective 
methods for “in vitro” tissue analysis to characterised excised lesions from surgery. 
Conventional pathology requires 24 hours for the tissue to fix, after it is embedded in 
paraffin, cut and assessed by a pathologist. This delay between excision and diagnosis 
causes distress for the patient, and may require a recall operation for lymph node 
removal if the tissue is found to contain malignant cancer, with increased costs for the 
healthcare services: the ideal scenario would be one where the tissue is assessed 
directly in the operating theatre, and the surgeon can target their intervention 
depending on the diagnosis.
The characterization of tissue specimens by means of X-ray diffraction has been 
investigated by many researchers (Round et ah, 2005; Poletti et al., 2002; Kidane et 
al., 1999; Peplow and Verghese, 1998; Tartari et ah, 1997; Evans et ah, 1991 and 
Kosanetzky et al., 1987). In the case of breast cancer, it was proven that XRD allows 
differentiation between benign and malignant lesions, as well as cancer staging 
(Kidane et ah, 1999; Poletti et al., 2002; LeClair et al., 2006; Ryan and Farquharson, 
2007; Oliviera et ah, 2008 and Pani et al., 2010).
However, characterizing thick tissue samples (above a few mm) becomes difficult due 
the contribution to the diffraction signal from different tissue components at different 
depths. Computed tomography solves this problem due to its ability to provide three- 
dimensional map of the distribution of tissue differential scattering coefficients.
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However, due to the limited availability of multi-element spectroscopic detectors, 
diffraction CT acquisitions so far were based on rotational and translational motion 
for the sample, in the so called “first generation CT” geometry: a pencil beam is used, 
and the sample is scanned in the direction orthogonal to the beam in the plane of the 
slice to be reconstructed; a diffraction pattern is acquired at every step. Once the 
linear scan has been completed, and a CT projection has been acquired, the sample is 
rotated and the procedure is repeated until data have been acquired across 180°.
The main limitation for this procedure lies in the long acquisition times. In this work, 
we present a proof-of-concept method for XRDCT based on one-shot acquisition of a 
CT projection by means of a fan beam, the previously described pixellated 
spectroscopic detector and a multi-hole collimator. This method allows a reduction in 
the acquisition time by a factor equal to the number of steps in a projection, thus 
suggesting that it could be a viable method for in-field assessment of tissue, 
particularly if coupled to the multi-angle acquisition described in Chapter 4. This 
addresses an important problem in clinic, where time and manpower constraints, as 
well as costs, are becoming more and more stringent.
5.2 Materials and methods
5.2.1 Experimental setup
Figure 5.1 represents a photograph of the experimental setup used for XRDCT 
measurements. It consists of the previously-described X-ray source and pixellated 
spectroscopic CdTe detector, a primary collimator for producing a fan beam and a 
multi-angle diffraction collimator with 500pm x 500pm square holes parallel to the 
primary beam. The collimator is mounted on the detector box, and the latter is 
mounted onto a goniometeric cradle (ProLite model G090-W30) for off-plane tilting 
and a rotational stage for alignment. The primary collimator was placed at a distance 
40.5 cm from the source, the distance between primary collimator and sample is 57.5 
cm and between sample and scatter collimator face is 4 cm.
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Figure 5.1. Illustrates experimental setup of the computed 
tomography (CT) imaging system.
5.2.2 Collimation system
5.2.2.1 Primary collimator
The primary collimator used for obtaining diffraction CT images consists o f a brass 
block 1.5 cm thick with a slit hole of dimensions 1 mm x 10 mm that was used to 
produce a fan beam (see figure 5.2).
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Figure 5.2. (a) is an image for the primary collimator showing the slit hole 
used to produce fan beam, (b) is a schematic diagram illustrates the 
primary collimator dimensions.
5.2.2.2 Diffraction collimator
Ideally, a diffraction collimator for this work should feature a number of evenly- 
spaced holes. The divergence of the holes matches that of the primary beam (see 
figure 5.3.a), so that, when the collimator is tilted off-plane at an angle 0, each hole 
collects photons scattered at that angle from a thin strip in the sample. However, 
teclmical limitations in the manufacturing of the collimator required a modification of 
the design: the collimator holes are still parallel to the primary beam, but the central 
holes are missing except for a central one, and only the lateral portion of the 
collimator was used.
The multi-angle scatter collimator used in this work consists of a brass block of 
thickness 18 mm containing six pairs of square holes, 0.5 mm in side and spaced by 
0.5 mm, designed to be parallel to the X-ray beam. The holes are aiTanged such that 
six on both sides of 0.5 mm side square hole in the middle which is important during 
the alignment process. The collimator is mounted to a metal frame such that the 
central hole lies in the middle of the detector. A screw allows lateral adjustments of 
the collimator. The metal frame was designed for carrying the collimator to a position
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such that it becomes as near as possible to the detector surface (see figure 5.3). The 
diffraetion measurements were performed by tilting both the diffraetion eollimator 
and detector at two different angles (6° and 8°). Figure 5.4 shows a detail of the 
goniometer used.
The angular resolution of the system in this case is 0.64° and 0.62° for the scatter 
angles 6° and 8° respectively. These values for the angular resolution were calculated 
using the procedure presented by Pani et ah, (2009). When these values of angular 
resolution converted to momentum transfer it ranged from 0.06 nm‘  ^ to 0.3 mn'^ and 
0.05 nm"' to 0.2nm"' for angles 6° and 8° respectively.
o
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o
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œ>
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Figure 5.3. (a) a schematic diagram illustrates the design 
of the multi-angle diffraction collimator of holes parallel 
to the beam, (b) a Front view for the scatter collimator of 
square holes (0.5 mm x 0.5 mm) designed parallel to the 
beam.
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Figure 5.4. illustrates an image for the goniometer 
used for tilting the detector to angles 6° and 8°.
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5.2.3 System alignment
System alignment was performed in two stages. In the first stage, the primary and 
diffraction collimator are aligned to each other. This stage is divided into two parts. In 
the first part, the primary collimator is aligned to the axis of the uncollimated beam, 
and the detector position is adjusted until the footprint of the primary (collimated) 
beam falls onto the middle of the detector giving rise to an image (a) in figure 5.5. 
The coordinate of the central pixel in the slit hole image was (42, 39). In the second 
part, the scatter collimator is aligned, by means of the screw, to the primary beam. 
This is done by initially removing the primary collimator, putting the scatter 
collimator in place with the detector in a fixed position, and adjusting the scatter 
collimator until its footprint is recorded on the detector to be aligned with the 
footprint of the primary beam (see Figure 5.5 (b))
The second stage comprises a rotational adjustment of the detector with the procedure 
described in Section 3.2.4.
Once the alignment has been completed the detector is tilted at the desired scatter 
angle. Its height is then adjusted until scattered photons from a uniform sample are 
detected. The sample optimum position (the intersection between the beam plane and 
the plane containing the collimator holes) is identified by scanning the sample along 
the beam axis until a maximum in the number of detected photons is found, with a 
procedure similar to that described in Section 3.3.1.1.
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Figure 5.5. An output images from the pixellated detector, (a) is the image of the 
primary collimator slit hole directly on the middle of the detector, (b) is the image of 
the scatter collimator on the middle of the detector in the absence of the primary 
collimator.
5.2.4 Samples
The test objects used in the present work were cylinders made out of plastic materials 
(perspex and nylon) with 5 mm diameter and a 2 mm hole filled with water along the 
central axis. The use of a cylindrical symmetry is suggested by the need to keep the 
acquisition procedure simple by acquiring the same projections rather than rotating 
the sample. The limitation on the test object diameter results from the limited number 
of contiguous holes that it was possible to manufacture.
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5.2.5 Data corrections
Corrections for all the diffraction data obtained for use in the CT images 
reconstruction will be discussed in the following section. All data were corrected by 
subtracting a background acquisition for the same duration as the CT scanning time. 
Since whole the work performed up to now was in the small angular range (2° -  10°), 
many authors have indicated that the contribution of multiple scatter to the final 
collected data is small compared to the single coherent scatter which constitutes 90% 
of the total scatter in this angular range (Narten and Levy, 1971; Kosanetzky at ah, 
1987; Harding et ah, 1987; LeClair et ah, 2006).
Attenuation corrections were not applied as the main goal of this chapter was to 
highlight the contrast between different materials and the possibility of extracting 
diffraction patterns from regions in the reconstructed image. Moreover, the 
corrections would be very small due to the low atomic number of the materials and 
the small thicknesses involved.
5.3 Conventional CT vs diffraction CT
In conventional CT, projections acquired at different angles represent the absorption 
of X-rays along their paths by the different regions of the sample. Assuming a parallel 
beam, laminar beam and a linear array detector (see figure QQ), the intensity 
measured at a point t along the detector direction, when the sample is seen at an angle 
0, is given by
where the exponential represents the attenuation along the X-ray path, and the 
exponent is line integral of the attenuation coefficients of the sample along said path.
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Figure 5.6. Schematic diagram of a conventional CT geometry
A CT projection is given by
P { 3 , t )  = - \ n (5.2)
9 , !
Back in 1917, Radon proved that the distribution of any quantity along a plane can be 
reconstructed if its line integrals across 360° is known (Radon, 1917). In other words, 
conventional CT provides a distribution map of the attenuation coefficients inside a 
sample and is said to be a transmission CT problem.
In diffraction CT, the measured data by a detector point at a position t and at an angle 
0 in the frame of reference parallel to the imaged slice, when attenuation by the 
sample is negligible and the beam is collimated, is given by
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iV ( i9 , / )  =  iVo j  / ^ ^ d s  (5.3)
9 . t
Where No is the number of photons/detector element area incident on the sample, and 
J /d ^ d s  is the line integral of the linear differential scatter coefficient along the beam
path.
If the scattered intensities around the sample are known, the quantity that is 
reconstructed is proportional to the distribution of the linear differential scatter 
coefficients. Unlike conventional CT, diffraction CT is said to be an emission CT 
problem similar to those found, for instance, in nuclear medicine.
In conventional CT, where no spectral information is available, the acquired data are 
stored in a 2-dimensional array called sinogram. Each line of the sinogram 
corresponds to a projection of a slice of the object at a certain angle. In diffraction CT 
each projection corresponds to the line integral, along the path of the primary beam, 
of the number of photons scattered within the angular acceptance of the collimator. 
This assumption holds if the absorption is negligible, if the probability of multiple 
scatter is negligible and if the object has slow variations in composition along the 
vertical axis (Pani et al., 2010).
The reconstruction algorithm typically used for transmission CT is filtered 
backprojection (EBP). In simple backprojection, the content of a pixel in the final 
image is given by the sum of all projections that have crossed that pixel (Kak and 
Slaney, 1988). In filtered backprojection, the Fourier transform of each projection is 
multiplied by a filtering function in order to reduce the contribution of high-frequency 
components of the signal, which cause increased brightness around the centre of the 
image. Alternatively, due to the equivalence between convolution in the direct space 
and multiplication in the Fourier domain, each of the projections may be convolved 
by the reverse Fourier transform of the filtering function. The same algorithm was 
applied to the diffraction CT data presented here.
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5.4 CT acquisitions and reconstruction
Due to the cylindrical symmetry of the test objects, CT acquisitions were carried out 
with the sample stationary in front of the detector for this proof-of-principle study. 
180 projections were acquired for each sample, for an acquisition time of 60 
seconds/projection. The source was operated at 70 kVp and 30 mA. Each CT 
projection was a 6x300 array, where 300 is the number of channels in each spectrum, 
and 6 is the number of collimator holes used for the acquisition. The spectrum for 
each hole was obtained by summing, after individual energy calibration, the spectra 
from all pixels corresponding to that hole. The data were combined into a 3- 
dimensional array (spectral sinogram), in which the three dimensions are number of 
holes X number of projections x number of channels in each spectrum.
Effectively, the sinogram is a 300-layers stack, where each layer corresponds to a 
“traditional” sinogram obtained at a certain energy (or momentum transfer). Each 
layer of the sinogram is processed separately and reconstructed using a filtered back 
projection algorithm.
Because each projection for a given energy component consisted only of 6 elements, 
the data were interpolated to a 48-element array, and a gen-Hamming convolution 
kernel was used. Due to the intrinsically poor spatial resolution of the system, a 
spatial resolution-enhancing filter was deemed to have no effect, and the capability of 
the gen-Hamming filter to enhance contrast was preferred.
Each layer of the 3-D sinogram was reconstructed separately, and all images obtained 
were stacked into a 48 x 48 x 300 stack, where each layer corresponds to a certain 
value of energy/momentum transfer. The images presented here were obtained by 
integrating 20 layers around relevant values of momentum transfer.
5.5 Diffraction CT images
Diffraction CT images were obtained at two different momentum transfer values (0.8 
nm'' and 1.5 nm''). The reason for this choice is that at 0.8 nm'' the contrast between 
perspex and water reproduces that between adipose tissue and tumour at 1.1 nm'' 
(Kidane et ah, 1999; Alkhateeb et al., 2012) while the value 1.5 nm'' refers to the 
position where the diffraction pattern of water has a maximum.
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Figures 5.7, 5.8, 5.9 and 5.10 show diffraction images of all samples at two different 
scatter angles, as well as profiles across the central line. It is clear from all images that 
the detail is clearly visible at a momentum transfer value for which the difference in 
the diffraction pattern of water and of the bulk material is significant, while it 
becomes barely visible when the diffraction pattern of the materials become close 
together.
Detail/bulk contrast was measured according to Equation 2.22 by selecting the central 
region of the detail and the region around the maximum in the bulk material. The 
arrow S shows the region of maximum contrast (see table 5.1). Contrast values 
represented in this table agrees quiet well with the literature (Shyma et al., 2012).
Table 5.1. Contrast calculations results for different materials at momentum transfer 
0.8 nm ' and scatter angles 6° and 8°.
Contrast between at 0.8 nm'' angle
Nylon and water 0.45±0.03 at 6°
0.51^=0.04 at 8°
Perspex and water 0.7d=0.02 at 6°
0.55±0.03 at 8°
5.5.1 Diffraction patterns extracted from CT images
Diffraction patterns of the materials were obtained by extracting, for each 
reconstructed image in the stack, the average value for the same regions of interest 
used for contrast measurement in the previous section. Figure 5.11 shows a 
comparison, for all materials, of the diffraction patterns obtained from the image at 6°,
8° and their sum. The diffraction patterns at the two angles show a good agreement, 
and therefore no loss in the momentum transfer resolution occurs when the diffraction 
patterns at different angles are summed. However, the diffraction patterns do not 
match fully the diffraction patterns shown in the previous chapters (see figure 5.12).
The main reason for this is the high level of cross talk between different collimator 
holes. This is apparent from the image shown in Figure 5.13. Although the sample is 
placed in front of holes 1-6, the detector region behind every hole shows a non-zero
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signal. This signal alters the background and prevents a correct normalisation by the 
incident spectrum, thus warping the actual diffraction pattern shape. This will be 
addressed in the future by a collimator design that allows it to be as close as possible 
to the sample (the current distance is 4 cm), thus making the angle under which 
adjacent pixels are seen large, and allowing any photons scattered beyond the relevant 
hole to be absorbed by the collimator septa.
Another issue to be addressed is the poor spatial resolution of the system. The current 
combination of 0.5 mm hole size/0.5 mm gap is the minimum distance that could be 
manufactured using conventional method. A future collimator, for which a design is 
proposed in the next section, will be sourced externally to be manufactured using 
chemical etching, allowing smaller holes and gap sizes. However, smaller spacing 
between holes (i.e., smaller collimator septa) would reduce the absorption by the septa 
of photons scattered off-path. An optimum design results from a trade-off between 
fine sampling and blur resulting from limited absorption of photons between the 
collimator.
A simpler strategy to improve the spatial resolution would be to carry out two 
dithered acquisitions for each sample, with the sample shifted by a distance equal to 
the gap between the collimator holes. Clearly this would increase the acquisition time 
by a factor of 2.
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Figure 5.7. Nylon CT images at 0.8 nm'  ^for different scatter angles: (a) at an angle 6“ 
and (b) at an angle 8”. Arrow S, in both profiles (c) and (d) for angles 6° and 8” 
respectively, refers to the regions used for the contrast analysis between different 
angles.
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Figure 5.8. Nylon CT images at 1.5 nm^ for different scatter angles: (a) at an angle 6“ 
and (b) at an angle 8^ Arrow S, in the profiles (c) and (d) for angles 6® and 8® 
respectively, refers to the regions used for the contrast analysis between different 
angles.
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Figure 5.9. Perspex CT images at 0.8 um^ for different scatter angles: (a) at an angle 
6“ and (b) at an angle 8^ . Arrow S, in the profiles (c) and (d) for angles 6” and 8^  
respectively, refers to the regions used for the contrast analysis betiveen different 
angles.
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Figure 5.10. Perspex CT images at 1.5 nm’* for different scatter angles: (a) at an 
angle 6“ and (b) at an angle 8^ Arrow S, in the profiles (c) and (d) for angles 6” and 
8® respectively, refers to the regions used for the contrast analysis between different 
angles.
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Figure 5.11. Comparison between Diffraction patterns extracted from CT 
images and the summed data at different angles, (a) perspex and (b) water.
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Figure 5.12. A comparison between uncorrected water diffraction pattern 
obtained from a single point CdTe detector and that extracted from CT 
images at scattering angle of 8".
100
Figure 5.13. Showing that all pixels are affected 
by the sample even when it sits in front of part of 
them.
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5.6 Conclusion
This chapter presented a proof-of-concept system for diffraction CT with one-shot 
acquisition of a projection. The system is based on a pixellated detector, tilted at the 
desired scatter angle, a primary collimator to produce a fan beam and a scatter 
collimator designed to match the beam divergence.
The results proved the capability of the method to differentiate between materials and 
to extract diffraction patterns from diffraction CT reconstructions. Points to be 
addressed are the high background from neighbouring image pixels, whieh reduces 
contrast and alters the diffraction patterns, as well as the limited spatial resolution of 
the system. Both points will be addressed with a new collimator design, proposed in 
the next work.
156
Conclusions and Future Work Chapter 6
Chapter 6 
Conclusions and future work
6.1 Conclusion
The aim of this work was to develop and characterize an energy-dispersive X-ray 
diffraction computed tomography (EDXRDCT) imaging system based on scattering 
data obtained at small angles (below 10®) in order to minimize the acquisition time 
necessary for a CT image acquisition, with a view to using this system for the 
characterisation of biological tissue in a clinical environment (operating theatre or 
pathology laboratory).
The limitation for the widespread application of the most common X-ray diffraction 
computed tomography (XRDCT) approaches so far (voxel-by-voxel scanning 
technique and CT reconstruction based on a set of projections obtained by rotational 
and translational motion for the test objects) was the long acquisition times needed to 
obtain enough statistics. This problem was addressed in two ways: firstly, by 
evaluating the feasibility of simultaneous acquisition of diffraction patterns at 
different angles, depending on the degree of order of the material and on its thickness; 
secondly, by using a pixellated spectroscopie detector to acquire a CT projection in a 
single shot. Integration of the two approaches would allow a further reduction in the 
acquisition time, bringing it to a few minutes per sample.
In chapter 3, an EDXRD system based on a single-point CdTe detector was designed 
and evaluated. Two types of scatter collimator were used: a conical collimator, and a 
multi-angle square-hole collimator. For the conical collimator it was proven that a 
relatively coarse collimation (1.6 mm gap size) was preferable to a fine collimation 
(90 pm gap size) because it allowed significantly higher statistics without significant 
loss in momentum transfer resolution.
Two geometries of multi-angle collimator were evaluated; different sample 
thicknesses and structures (crystalline to biological material) were investigated, 
proving that, in the sample thickness range 1.3-10 mm, the variation in peak width 
was negligible, suggesting the possibility of scanning thicker samples when moving
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from more structured materials (samples used for testing the system) to biological 
ones which intrinsically feature broader peaks. With simple corrections for absorption 
within the sample and spectral shape a close agreement was obtained between 
EDXRD patterns at different angles, confirming the feasibility of summing them in 
order to reduce the acquisition time. This was particularly apparent for biological 
tissue and less structured plastics, featuring a lower degree of short-range order and 
therefore having intrinsically broad diffraction peaks which are less affected by the 
overall momentum transfer resolution of the acquisition system.
The effect of different scattering angles on the peak and width was studied, for 
different scatter collimator designs, at different scatter angles. Results showed that 
there is a gradual decrease in peak width when increasing the scatter angle for highly 
ordered materials such as caffeine and polyethylene. For less structured materials 
studied, a negligible variation in peak position and width was observed for the 
thicknesses investigated. This suggests that for soft tissues, featuring intrinsically 
broader peaks than the plastic materials, it is possible to directly sum the seattering 
spectra acquired at different angles without need for corrections other than those for 
absorption within the sample and incident spectral shape.
In chapter 4 the characteristics of an EDXRD system based on a pixellated 
spectroscopic CdTe detector and two different multi-angle scatter collimators were 
investigated. The results confirm the findings from Chapter 3: an increase in peak 
width is observed for highly-ordered materials when moving from larger angles to 
smaller ones, suggesting that summing diffraction patterns acquired at different angles 
would lead to a loss in information compared to what obtained at higher angles; on 
the other hand, this does not occur for less structured materials such as soft tissue. 
This confirms that it is possible to sum the diffraction patterns of such material 
without any loss of information.
This geometry represents a step forward compared to those discussed in Chapter 3 
because it allows genuinely simultaneous acquisition of diffraction patterns at 
different angles, due to the detector characteristics and to the collimator design, where 
the scatter volume has the same centre for all scatter angles.
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Chapter 5 presents a proof-of-concept diffraction CT system based on the same 
pixellated spectroscopic detector, a multi-hole collimator, with holes divergence 
matching that of the beam, and on a goniometer to tilt the detector off-plane. The 
system was tested on small samples with a cylindrical geometry, proving the 
effectiveness of the system in detecting 2 mm water details embedded in different 
bulk materials and the variations in contrast as the momentum transfer is varied. 
However, the work highlighted some limitation with this approach: namely the 
presence of a strong cross-talk between image pixels (i.e., between different 
collimator holes) and poor spatial resolution.
The latter problem could be addressed by dithered acquisitions with the sample 
shifted laterally between them, although this would clearly imply an increase in the 
acquisition time.
The former problem will need a different collimator design, allowing the sample to be 
as close as possible to the collimator so as to avoid contamination from laterally- 
scattered photons.
6.2 Future work
This work proved that XRD acquisitions of lowly-ordered samples at different angles 
can be combined without any loss in momentum transfer resolution, and also that a 
pixellated spectroscopic detector allows diffraction CT imaging with one-shot 
acquisition of a CT projection. This implies a significant reduction in the acquisition 
time compared to energy-dispersive diffraction CT works so far, which relied on the 
“first generation CT” geometry that required a lateral scanning of the sample for the 
acquisition of a projection. Combining both approaches will further reduce the 
acquisition time.
Figure 6.1 shows a new design for a scatter collimator that would allow this approach: 
each angle is represented by a row of holes, each one with the same divergence as the 
primary beam (see figure 6.1). The collimator hole size would result from a trade-off 
between spatial resolution (that would require fine collimation) and statistics: finer 
collimation would require long acquisition times. Moreover, finer collimation, with 
smaller spacing between holes, would require alternative materials to brass (e.g..
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tungsten): a collimator with too thin septa would not stop laterally scattered photons, 
leading to a loss in spatial resolution. However, the main goal of this work was to 
prove that the proposed geometries could significantly reduce the acquisition times. 
For instance, an acquisition of a 1-cm wide region with 1 mm lateral step, 180 
rotational steps and 20 s/step would have required 10 x 180 x 20 s = 10 hours. 
Assuming the simultaneous acquisition of 4 scatter angles (4°, 6°, 8°, 10°) the total 
acquisition time would be 180 x 20 s /4 = 15 min, which could be further reduced by a 
factor of 2 if the detector were wide enough to encompass a symmetrical distribution 
of the scatter angles. Such a timescale would be compatible with the requirements of 
the clinical workflow, making a system for tissue characterisation based on 
EDXRDCT a desirable instrument in operating theatre and in a histopathology 
laboratory.
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